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This dissertation is based on three papers that have been submitted for publication 
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(Burton B, Zimmermann MT, Jernigan RL, Wang Y: A computational investigation on 
the connection between dynamics properties of ribosomal proteins and ribosome 
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been renumbered to Figure 2.1 and the first in Chapter 3 is Figure 3.1, references are 
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Ribosomes are complex cellular machines that synthesize new proteins in the cell. 
The accurate and efficient assembly of ribosomal proteins (r-proteins) and ribosomal 
RNA (rRNA) to form a functional ribosome is important for cell growth, metabolic 
reactions, and other cellular processes. Ribosomal assembly has been an active research 
topic for many years because understanding the assembly mechanisms can provide 
insight into protein/RNA recognitions that are important in many other cellular processes, 
as well as help optimize the development of antibacterial therapeutics. Experimental and 
computational studies thus far have greatly improved our understanding of assembly, yet 
many questions remain unanswered regarding the complex behaviors of r-proteins and 
rRNA during the process.  
To further understand ribosome assembly, we have computationally studied the 
sequences, structures, and dynamic properties of r-proteins from the 30S subunit and their 
relationships to RNA binding. We discuss the statistically greater amount of positively 
charged residues in r-proteins compared to other housekeeping proteins and observe a 
high level of charged interactions between r-proteins and rRNA in the assembled 
structure. We also detect a significant correlation between the overall flexibility of a 
protein and the number of contact points it makes with its rRNA binding site. Protein 
residues contacting with rRNA are observed to be more mobile in solution when 
compared to the non-contacting residues. We also describe common modes of structural 
dynamics, revealing likely conformational changes the proteins make prior to binding, 
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how they relate to possible binding mechanisms used during assembly and to the location 
of the protein in the fully assembled ribosome. 
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First observed in the 17th century under rudimentary microscopes, cells have long 
been considered the basic building blocks of living tissue [1], yet it was the advent of 
electron microscopy three centuries later that finally provided scientists a glimpse of the 
individual structures responsible for the cellular processes of life [2]. In the early 1950’s, 
small, dense granules suspected to be protein manufacturers were first observed and 
isolated, a discovery which ultimately led to the awarding of the 1974 Nobel Prize for 
physiology or medicine to Albert Claude, George E. Palade, and Christian R. de Duve 
[3]. These granules, eventually termed “ribosomes” due to their high content of 
ribonucleic acid (RNA) [4], were immediately catapulted to the forefront of active 
research. Decades later, the scientific world again turned its focus on the cellular protein 
factory when the Nobel Prize in chemistry was awarded to Venkatraman Ramakrishnan, 
Thomas A. Steitz, and Ada E. Yonath for obtaining atomic-level resolution of the 
ribosome structure and for elucidating its mechanism of protein synthesis [5]. It is now 
understood that during the process of protein translation, the ribosome associates with a 
strand of messenger RNA (mRNA), which bears a copy of the DNA gene sequence for a 
particular protein, and facilitates the interaction between the appropriate transfer RNA 
molecule (tRNA), carrying a particular amino acid, and mRNA. The ribosome then 
catalyzes the formation of a peptide bond between the new amino acid and the growing 
polypeptide chain, finally releasing the vacant tRNA. This process is repeated until the 
end of the mRNA transcript is reached and the protein is released into the cell. Because 
the ribosome synthesizes proteins, which all living cells require for metabolism, structure, 
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growth, and division, this dense organelle is an integral component to the health and 
viability of every living organism. 
The bacterial ribosome, shown in Figure 1.1, is a large ribonucleoprotein complex 
comprised of ribosomal RNA (rRNA; shown in dark shades in Figure 1.1) and ribosomal 
proteins (r-proteins; light colors in Figure 1.1), which assemble into two subunits, the 
larger 50S and the smaller 30S (blue and red, respectively, in Figure 1.1). The 30S 
subunit is comprised of approximately 20 r-proteins (most named S1, S2, etc.) that bind 
with one 16S rRNA molecule, whereas the 50S subunit contains approximately 30 r-
proteins (L1, L2, etc.) and two RNA strands, the 5S and 23S molecules [6]. It is 
estimated that, in a rapidly growing cell, 60% of all nucleic acid transcription can be 
attributed to the synthesis of rRNA [7], 40% of the total energy of an Escherichia Coli 
cell is directed toward the synthesis of proteins, and 30% of cellular dry mass can be 
constituted of ribosomes [8]. Thousands of ribosomes are generated per minute, yet 
improper assembly can lead to dysfunction and disease [9]. Thus, a cell’s viability 
depends in large part on the successful and timely assembly of functional ribosomes and 
much of a cell’s resources are spent in making and utilizing them. Additionally, many 
antibacterial drugs used in modern medicine interfere with the bacterial ribosome during 
various stages of translation, either at the mRNA or tRNA interfaces or at the site of 
peptide bond synthesis [10,11]. Hence, a thorough understanding of the structure, 
assembly, and function of prokaryotic ribosomes can not only provide insights into a 
cellular process vital in all domains of life but can also help researchers innovate bacterial 





Figure 1.1: The assembled ribosome. The 50S subunit is shown in blues and the 30S 
subunit in reds; rRNA is colored in darker shades and r-proteins in the lighter shades. 
Coordinates come from the E. coli X-ray crystal structure [12]. 
 
 
Assembly of r-proteins and rRNA components to form the subunits, especially 
30S, which is the focus of the current work, has been extensively studied for the past 
sixty years. In vivo, many additional proteins govern the maturation of ribosome 
components and speed the assembly process by helping to ensure proper interactions and 
folding events occur [13,14], but early ribosomal studies showed that functional E. coli 
30S subunits could be reconstituted in vitro from their purified r-protein and rRNA 
components [15-17]. The E. coli 50S subunit proved more difficult to assemble in vitro 
[17], and researchers have also successfully assembled functional 50S subunits from 
Sulfolobus solfataricus, an extremely thermophilic species [18]. These studies were vital 
for subsequent ribosome analyses, including such important work as solving the atomic 
structure and probing ribosomal function, because those studies were made possible by 
the successful reconstitution of functional units in vitro. Therefore, understanding the 
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process of ribosomal self-assembly itself has been the aim of many studies in the field. 
Aside from understanding the mechanisms at work in the particular case of the ribosome, 
studying the assembly process of this large ribonucleoprotein complex can also help to 
understand in general how proteins recognize and bind with RNA, a process that is 
important to gene regulation and many other cellular processes. 
The protocols developed to reconstitute functional ribosomal subunits is 
dependent on conditions such as temperature and salt concentration [19]. At temperatures 
below 10°C, E. coli subunits were not formed at measurable rates, but formation 
increased with temperature until the optimal condition of 40°C for 30S [19] and 50°C for 
50S [17]. Additionally, several reconstitution procedures require two steps, the first at a 
lower temperature and the second at an elevated temperature [17-19]. A high ionic 
strength is required to prevent nonspecific protein-RNA accumulation, but ionic strength 
greater than 0.37 was found to over-stabilize the RNA, preventing functional 
reconstitution. Particularly important are Mg2+ ions, which stabilize RNA tertiary 
structure and are essential for subunit reconstitution.  [19]. Although it took years to work 
out the precise details, these reconstitution studies indicate that the extra-ribosomal 
factors implicated in vivo are not required for in vitro assembly, and they thereby opened 
the door to decades of research devoted to understanding the complexities of the process.  
Although assembly of the 30S subunit is the focus of this work, 50S assembly 
studies have provided several noteworthy details about r-protein and rRNA interactions 
not reported in the 30S reconstitution literature. For example, hybrid 50S reconstitution 
studies have shown that RNA and protein from different species did not create functional 
subunits: r-proteins from S. solfataricus could form appropriately sized 50S precursors 
with E. coli 5S and 23S rRNA, but these complexes did not mature into functional 
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subunits, capable of polypeptide synthesis [18,20]. Also, analysis of reconstituted 50S 
from three species that grow at different temperatures (Caldariella acidophila, 90°C; 
Bacillus acidocaldarius, 70°C; and E. coli, 47°C) shows that the pattern of subunit 
melting temperatures follows the species’ maximum growth temperatures [21]. These 
results suggest that some aspects of the ribosome assembly process are similar between 
phylogenetically different species, but that there are important structural discrepancies 
that differentiate the assembly, stability, and/or function of their ribosomes. Further 
comparisons of ribosomes and their components from different species can shed light on 
the essentials of all ribosome assembly and function as well as the species-specific 
distinctions.  
Because of its relative simplicity and ease of reconstitution compared to 50S, 30S 
assembly has been more heavily studied and many important details about the process 
have been revealed. R-protein binding is a complex process that has been extensively 
studied for E. coli [16,22-29], and thermodynamic equilibrium studies of E. coli 30S r-
protein binding during reconstitution assays have generated a hierarchical assembly map 
[22], categorizing the proteins as primary (able to bind to bare RNA), secondary 
(dependent on previous binding of at least one primary protein), and tertiary (dependent 
on primary and secondary) [30]. Binding studies designed to measure the kinetics of 30S 
assembly have found agreement with aspects of the thermodynamic map, most notably 
that late binding proteins typically depend on the presence of a number of previously 
bound proteins [16]. These studies also show that early binding proteins tend to associate 
with rRNA nucleotides toward the 5’ end of the molecule whereas the 3’ end interacts 
with later binding proteins, suggesting that assembly follows a 5’ to 3’ direction [16]. See 
Figure 1.2 for a summary of these binding studies. These binding categories have been 
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defined using E. coli components and applied to other model species [31-36]. It has also 
been shown that E. coli 30S assembly can proceed through a number of pathways [37], 
indicating there is not a single order in which the proteins must bind to generate a 
functional subunit. Additionally, 16S rRNA undergoes large conformational 
rearrangements as r-proteins bind to it [38-39], often creating the binding sites for 
subsequent binding proteins. Many chemical-probing studies identified regions of rRNA 
that contact various 30S proteins [23,39-42], locations that have since been confirmed in 
atomic-level X-ray crystal structures of the completely assembled subunits [12,43]. 
Enhanced spectroscopy methods have allowed for more in-depth analysis of the 
interdependent binding of r-proteins [44] and time resolution improvements in radical 
probing and electron microscopy have provided kinetics data on nucleotide protection 
during 30S assembly [27,45] and have generated images of structural intermediates 
throughout the assembly process [46].  
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Figure 1.2: In Vitro Assembly Map of the 30S Subunit. Text color indicates the 
original thermodynamic dependence of E. coli r-protein binding order [22]: red is 
primary, green is secondary, and blue is tertiary. The boxes around protein names 
indicate the kinetics classification of E. coli r-protein binding [16]: solid cyan lines are 
early binders, dashed cyan lines are mid binders, solid magenta lines are mid-late binders, 
and dashed magenta boxes are late binders. Arrows indicate the direction of binding 
dependence: the arrowhead points to the protein found to bind after that at the origin of 
the arrow. The arrangement horizontally aligns with relative binding domains from RNA 
contacts in the 2AVY [12] crystal structure (as much as possible, considering the many 
overlapping binding regions). As studies on the assembly landscape reveal the 
cooperative binding dependence of these proteins in greater detail, it might be beneficial 
to deviate from the original classifications of the primary, secondary, and tertiary binding 
order; however, this classification is used in the subsequent chapters. Assembly map is a 






Computational tools have also proven helpful in gaining insights into ribosome 
assembly. Binding energy calculations for individual proteins indicate that early binding 
proteins tend to have more favorable binding energies than late binders [47] and coarse-
grained models have shown that the binding sites for primary binding proteins are likely 
to form first during assembly [33]. Molecular dynamics simulations have been utilized to 
characterize the solution structures of some r-proteins [48] and interactions with their 
rRNA binding sites [49-51]. However, many computational studies have focused not on 
the assembly of ribosomal components, but rather on interactions between the ribosome 
and other molecules during protein translation, such as tRNA [52], mRNA [53], the 
nascent polypeptide [54], and antibiotics [55], whereas quantum level calculations have 
primarily focused on the catalysis aspect of ribosome function [56,57]. These studies 
have helped to fill in gaps left by experimental work, yet the entire picture of ribosomal 
assembly is not yet complete. For example, differing interpretations have been offered 
regarding whether r-proteins tend to exist in stable [6] or dynamic [58] conformations in 
solution, and computational tools are well-designed to analyze such features. Also, many 
computational studies performed thus far have utilized coarse-grained models [59-61], 
yet atomic level detail is necessary to visualize the molecular interactions that occur 
during the assembly process.  
The following investigations aim to elucidate the ways in which ribosomal protein 
sequence, structure, and dynamics properties relate to their role in assembly. In Chapter 
2, both atomic level (for three r-proteins) and coarse-grained (for all twenty r-proteins) 
representations are used to illustrate that r-proteins from two bacterial species exhibit 
different structural dynamics, possibly related to their level of interaction with RNA in 
the assembled 30S. Additionally, the protein residues that contact rRNA in the 30S 
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subunit are identified and found to be in mobile portions of the proteins before they bind 
in the assembly process. Chapter 3 utilizes a number of bioinformatics tools to analyze 
the sequences of r-proteins from 560 species and finds that positively charged residues 
are significant in distinguishing r-proteins from other important protein families, yet the 
electrostatics component of assembly does not entirely account for the specific binding of 
proteins to RNA and is not found to be dependent on the temperature at which the species 
lives. Finally, Chapter 4 revisits the observations presented in Chapter 2, extending the 
atomic level simulations to all twenty r-proteins from the two species. The results 
confirm the conclusions obtained from the earlier study and provide further insight on the 






A computational investigation on the connection between dynamics properties of 
ribosomal proteins and ribosome assembly 
 
Background: Assembly of the ribosome from its protein and RNA constituents has been 
studied extensively over the past 50 years, and experimental evidence suggests that 
prokaryotic ribosomal proteins undergo conformational changes during assembly. 
However, to date, no studies have attempted to elucidate these conformational changes. 
The present work utilizes computational methods to analyze protein dynamics and to 
investigate the linkage between dynamics and binding of these proteins during the 
assembly of the ribosome.  
Results: Ribosomal proteins are known to be positively charged and we find the 
percentage of positive residues in r-proteins to be about twice that of the average protein: 
Lys + Arg is 18.7% for E. coli and 21.2% for T. thermophilus. Also, positive residues 
constitute a large proportion of RNA contacting residues: 39% for E. coli and 46% for T. 
thermophilus. We studied the dynamics of three primary proteins from E. coli and T. 
thermophilus 30S subunits that bind early in the assembly (S15, S17, and S20) with 
atomic molecular dynamic simulations, followed by a study of all r-proteins using elastic 
network models. Molecular dynamics simulations show that solvent-exposed proteins 
(S15 and S17) tend to adopt more stable solution conformations than an RNA-embedded 
protein (S20). We also find protein residues that contact the 16S rRNA are generally 
more mobile in comparison with the other residues. By the use of elastic network models, 
which are computationally more efficient, we show that this trend holds for most of the 
30S r-proteins.  
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Conclusions: Our results affirm the known importance of charge-charge interactions in 
the assembly of the ribosome. Also, we find that there is a large proportion of contacting 
residues located in flexible loop regions, which are likely stabilized by contacts with the 
RNA in the assembled subunit.  
 
2.1 Introduction 
Ribosomes are the macromolecular machines that synthesize proteins in all living 
organisms. They are composed of ribosomal RNA (rRNA) and ribosomal proteins (r-
proteins) that self-assemble into functional units. The efficient and accurate self-assembly 
of the active ribosome in vivo is essential for cell growth because new ribosomes and 
proteins must be produced in order for cells to grow. It is estimated that approximately 
60% of all cellular transcriptional activities have been attributed to the synthesis of rRNA 
in a rapidly growing cell [7] and 40% of the total energy of an E. Coli cell is directed 
towards the synthesis of proteins [8]. It is therefore not surprising that ribosome 
biogenesis in cells is intricately regulated. Elucidating this complex regulation network 
has become the focus of a rapidly developing field.  
The assembly of the ribosome requires the orchestration of highly coordinated 
events that involve both rRNA folding and r-protein binding. While many cofactors have 
been identified that participate in assembly in vivo, active functional units can be 
assembled in vitro in the absence of these cofactors [62]. The small 30S subunit of the 
bacterial ribosome, as seen in Figure 2.1, which is composed of 16S rRNA and 21 r-
proteins, has been more extensively studied than other structural assemblages and is a 
good system to analyze in order to determine what is important for the ribonucleic 
particle (RNP) assembly. In particular, the 30S subunit was the first to be reconstituted 
from purified components by the Nomura group in the late 1960’s [15]. The reconstituted 
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30S active particles showed nearly the same activities in all performed biochemical 
assays. This ability to reconstitute active particles in vitro allows for in-depth exploration 
of the roles of the individual components in ribosome assembly and their functions by the 
combinatorial addition and omission of individual components [30,62,63]. These 
experiments revealed that the 30S subunit assembles in a sequential and ordered process 
[62]. The Nomura group also provided a detailed assembly map describing the sequential 
and interdependent binding of all r-proteins [22]. The map also classified the proteins as 
primary, secondary, and tertiary binders, depending on their ability to bind to 16S rRNA. 
The primary proteins bind to bare rRNA, secondary proteins can bind to 16S rRNA after 
at least one primary protein has already bound, and tertiary proteins require at least one 
primary and one secondary protein [30].  
The Nomura assembly map reflects the equilibrium thermodynamics of r-protein 
binding with 16S rRNA to intermediates. Using chemical probing methods, these binding 
kinetics were more recently studied by Powers et al. [16] Based on their experimental 
results, the r-proteins were divided into early, mid, mid-late and late binders. The kinetics 
data were partially in agreement with thermodynamic data in that the tertiary binding 
proteins were consistently found to be late binders. The availability of atomic structures 
of the 30S subunit [12,43]  provided tremendous new opportunities to understand the 
assembly mechanism. Most of the knowledge gained in earlier experimental studies was 







Figure 2.1: The 30S T. thermophilus subunit (1J5E), interface side. The 16S rRNA 
and r-proteins of interested are highlighted: 5’ Domain yellow, Central Domain grey, 3’ 
Major Domain orange, and 3’ Minor Domain purple; S15 blue, S17 dark green, and S20 
dark red. The E. coli structure (2AVY) is nearly identical, but slight structural differences 
for the proteins of interest are discussed in the text and visualized in Figure 2.2. The 







In the meantime, significant progress was made with experimental methods to 
probe the ribosome assembly mechanism. Time-resolved X-ray-dependent hydroxyl 
radical footprinting [45,64] provides resolution on the order of milliseconds, much 
shorter than other chemical probing methods [16]. Directed hydroxyl radical probing 
[25,65,66] allows for the detection of specific interaction sites between proteins and 
RNA. The Williamson group used PC/QMS (pulse-chase followed with quantitative mass 
spectrometry) to measure the kinetics of individual protein binding during the assembly 
of the full ribosomal complex [37]. New experimental data suggest that ribosome 
assembly proceeds via multiple parallel pathways [27,37] rather than a single pathway 
involving the formation of a single rate-determining “reaction intermediate” RNP [19]. 
Current understanding of the ribosome assembly process suggests it is similar to protein 
folding in that it can proceed via multiple pathways across a rugged energy landscape.  
Many computational studies have shed light on some important aspects of 
ribosome structure and function. Molecular dynamics simulations have been performed 
to analyze ribosome interactions with and the accommodation of transfer RNA (tRNA) 
during translation [52,67-69], as well as to characterize the interactions between cognate 
tRNA codons and their messenger RNA (mRNA) anticodons [70,71]. Other simulations 
and calculations used structures from various stages of translation to study the behavior 
of incoming mRNA transcripts [53] and nascent polypeptides in the ribosome’s exit 
tunnel [54,72]. Interactions between ribosomes and members of a class of antibiotics 
called aminoglycosides have been elucidated via computational techniques [55,73-75] 
and have shed light on important interactions between these small molecules and the 
decoding center of the ribosome. Investigations of the interactions between the ribosome 
and important non-ribosomal proteins, such as the elongation factor EFTu, have been 
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performed using MD [76] and quantum level calculations [77]. Other quantum 
calculations have been used to address the function of ribosome catalysis, such as the 
mechanism of and possible transition states in peptide bond synthesis [56,57]. These 
investigations have enriched the current understanding of ribosomal function and 
additional computational analyses on the dynamical structure of the ribosome and its 
components can further elucidate the mechanisms by which the ribosomal machinery 
assembles and operates. 
Despite significant progress in recent years, the understanding of ribosome 
assembly remains limited. One major obstacle in this field is elucidating the mechanisms 
of coordinated RNA folding, protein binding, and the associated conformational changes 
of RNA and r-proteins [58]. Although earlier studies suggested [6] that r-proteins adopt 
the same structures in solution as in the assembled ribosome, more recent studies suggest 
[58] that there are conformational changes in the r-proteins and rRNA upon forming the 
complexes. Predicting RNA structure is also one of the most challenging topics in 
structural biology because a single stranded RNA can adopt a variety of secondary and 
tertiary structures. The 16S rRNA molecule in a ribosome is divided into four domains: 
the 5’ domain, the central domain, the 3’ major domain and the 3’ minor, each with a 
well-defined structure (see Figure 2.1). Magnesium ions are thought to stabilize the 
secondary structure of RNA and many r-proteins are thought to stabilize the tertiary 
structures. Many of the r-proteins interact with and bind to only one domain, but a few 
associate with more than one, such as S20 which interacts with both the 5’ and the 3’ 
minor domains. The Harvey group [33] analyzed the atomic contacts of r-proteins with 
RNA in the 30S subunit structure and reported the interesting observation that most of the 
late binding r-proteins were found to bind at the 3’ end of 16S RNA. This observation 
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was consistent with the earlier understanding that 16S RNA folds with 5’ to 3’ polarity 
[25,30]. The Harvey group further used coarse-grained representations of RNP structures 
to examine the potential fluctuations of binding sites when proteins were removed or 
added. Their study shows that the binding sites of primary proteins are formed first and, 
once associated, these proteins help organize the late binding sites. Trylska et al. [47] 
calculated the binding energy of individual r-proteins with the 16S RNA by solving the 
Poisson-Boltzmann equation, which accounts for electrostatic interactions. Though the 
calculated binding energies varied, some late binders were found to have less favorable 
binding free energies while the early binders were found to be more favorable, an 
observation consistent with known experimental results. Other studies used various 
coarse-grained representations to explore the global motions of the ribosome [53,59-
61,78] and the assembly of the 30S [79,80]. Despite the coarse representations of 
ribosomal structure, some of the known dependencies of r-protein and rRNA binding 
were captured in these computational studies.  
Ribosome assembly remains an active research field. A better understanding of its 
assembly mechanisms will provide valuable biochemical insight into cellular regulation 
and will allow for the optimal development of ribosome-targeted drugs. While 
experimental studies continue to make great progress, computational studies reported so 
far are still limited. Most of the earlier reported computational studies have used coarse-
grained representations of the ribosome. To truly understand the specific binding of r-
proteins with 16S RNA, atomistic details need to be considered. Because assembly 
involves both RNA folding and protein binding, the examination of individual 
components before and after binding in atomistic detail is necessary. Here we specifically 
investigate the potential correlation between r-protein dynamics properties and their 
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binding properties. The aim is to answer the following specific questions: what are the 
key residues that bind to the 16S rRNA? Are these key residues more flexible than the 
others? Do free r-proteins adopt the same conformations as those found in the assembled 
30S subunit? To explore the answers to these questions, we rely on the use of atomistic 
molecular dynamic simulations of r-proteins as well as other methods developed in our 
own group.  
 
2.2 Results/Discussion 
2.2.1 Ribosomal proteins are enriched with positively charged amino acids  
Ribosomal proteins are known to be positively charged and many of these 
positively charged amino acids, especially those residues on the long extension tails, were 
found to interact with RNA [43,81,82]. We performed a simple calculation of the net 
charge of ribosomal proteins based on the sequences reported for the 2AVY and 1J5E 
structures, counting Asp and Glu as -1, Lys and Arg as +1, with all other residues treated 
as neutral. Of course, some of these residues might have some charge because of shifted 
pKa values due to their location in the tertiary structure, but we will ignore these minor 
effects at present.  Table 2.1 presents the net charge of r-proteins for the two species. The 
two r-proteins that are not positively charged could be explained by their special 
positions in the assembly map: S2 is the last protein to assemble [22] and S6 is known to 
form a dimer with S18 [35,83], which is positively charged, before associating with 
rRNA. The remaining r-proteins are all positively charged. We also note that the charge 
on r-proteins from T. thermophilus is on average higher than that for the E. coli proteins, 
which may relate to the general observation that ribosomal subunits for thermophiles 
such as T. thermophilus are more stable than those of mesophiles such as E. coli [84]. 
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Moreover, ribosomal proteins are enriched with positively charged amino acids. The 
typical percent of amino acids for Lys, Arg, Glu and Asp are 5% each for cytosolic 
proteins [85]. However, in the case of r-proteins, the total percentage of Lys and Arg is 
approximately 20% (18.7% for E. coli and 21.2% for T. thermophilus), while the sum of 
Glu and Asp percentages remained near 10%. Klein et al had earlier examined the amino 
acid distributions of r-proteins in the large subunit (50S) and reported a similar bias 
toward the positively charged amino acids [81]. 
 
Table 2.1: Net charges of r-proteins 
R-protein E. coli T. thermophilus 
S2 -1 -7 
S3 19 21 
S4 17 23 
S5 9 7 
S6 -12 0 
S7 14 15 
S8 5 12 
S9 16 16 
S10 3 10 
S11 15 16 
S12 21 27 
S13 14 20 
S14 15 16 
S15 8 8 
S16 6 11 
S17 6 15 
S18 12 19 
S19 12 10 
S20 16 25 
S21 14 12 
Note: S21 for T. Thermophilus is called THX. 
We have further examined the contacts made between r-proteins and the RNA 
based on the atomic structures of the 30S subunit from the two species. Here, a contact is 
defined as having any atoms of a protein residue within 3.5Å of any rRNA nucleotide 
atoms.  Table 2.2 presents the number of contacts made by each r-protein, along with the 
number of contacts with positively charged residues. It is clear that a high percentage of 
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contacts between r-proteins and rRNA are made by positively charged residues. The total 
average percentages of contacts made by positively charged residues are 39% for E. coli 
and 46% for T. thermophilus, and both are significantly higher than the total percentage 
of the positively charged amino acids in r-proteins for the two species. These results 







Table 2.2: Contacts between r-proteins and r-RNA in total and for charged residues. 
 E. Coli Contacts  
(3.5Å cut off) 
T. Thermophilus Contacts  
(3.5Å cut off) 
R-protein Total  Pos.  Neg.  % Pos.  Total  Pos.  Neg.  %  Pos.  
S2 19 7 0 37% 17 5 1 29% 
S3 40 7 2 18% 42 13 2 31% 
S4 64 23 3 36% 83 38 4 46% 
S5 46 13 0 28% 48 19 1 40% 
S6 8 3 0 38% 14 8 1 57% 
S7 29 15 3 52% 49 30 2 61% 
S8 37 10 3 27% 40 12 2 30% 
S9 81 44 1 54% 88 45 5 51% 
S10 42 15 1 36% 49 17 2 35% 
S11 52 19 0 37% 50 16 0 32% 
S12 75 28 4 37% 83 44 5 53% 
S13 48 22 0 46% 71 35 0 49% 
S14 54 23 0 43% 53 29 3 55% 
S15 42 8 3 19% 43 15 3 35% 
S16 42 20 3 48% 57 29 2 51% 
S17 32 14 2 44% 70 33 2 47% 
S18 30 16 0 53% 18 13 0 72% 
S19 37 17 1 46% 49 22 1 45% 
S20 52 24 2 46% 62 32 4 52% 
S21 6 2 3 33% 30 16 1 53% 
Total 836 330 31 39% 1016 471 41 46% 
Note: The total number of protein contacts for S15, S17, and S20 above differs from the total number of 
contact residues presented in Table 2.3 because some protein residues are in contact with more than one 






2.2.2 Structures and contact residues are more conserved than sequences  
Figure 2.2 shows structural alignments for the three proteins from the two species. 
The percentages of sequence identity between the two species are 60% for S15, ~40% for 
S17, and ~28% for S20, but the percentages of conserved residue class are considerably 
higher: 75% for S15, ~58% for S17, and ~47% for S20. Thus, the structures for the three 
ribosomal proteins are well conserved, with RMSD values of 1.1 Å for S15, 1.4 Å for 
S17, and 2.1 Å for S20. In the cases of S17 and S20 from T. thermophilus, there are extra 




Figure 2.2: Comparisons of S15, S17, and S20 proteins from two different species. E. 
coli proteins are shown in the lighter shade and T. thermophilus in the darker shade. 
Contact residues are shown as stick representations and some important parts of the 
proteins, discussed in the text, are labeled. 
 
 
Residues that contact rRNA exhibit higher than average sequence conservation. 
For S15, the percent of conserved contact residues is about 54% (52% for E. coli and 
56% for T. thermophilus), which is just under the overall sequence conservation. For S20, 
the percentage of conserved contact residues is 38% for E. coli and 35% for T. 
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thermophilus, both of which are considerably higher than the overall sequence 
conservation. For S17, the percentage of conserved E. coli contacting residues (52%) is 
higher than the overall sequence conservation, whereas that for T. thermophilus 
contacting residues (31%) is less. The conserved contact residues percentages for S17 
and S20 from T. thermophilus are lower than those for E. coli because T. thermophilus 
has extra C-terminal regions that make several additional non-conserved contacts. See 
Table 2.3 for a listing of the contact residues for S15, S17 and S20 from the two species, 
with conserved residue identities in red and conserved side chain types, largely Lys/Arg 
substitutions, colored green. 
Further analysis of the identities of these contact residues reveals that, aside from 
the positively charged residues, His, Thr, Ser, and Gln are also common, all of which are 
polar and can form hydrogen bonds with rRNA. For example, of the twenty-seven E. coli 
S15 contacts, five are basic (Lys48, Arg54, Arg64, Lys65, and Lys73), five are histidines 
(His38, His42, His46, His50, and His51), ten are polar (Ser2, Thr5, Thr8, Thr22, Ser24, 
Gln28, Gln35, Ser52, Ser61, and Gln62), and one is aromatic and polar (Tyr69). The 
remaining six contacts are acidic (Asp21 and Asp49) or nonpolar (Gly23, Leu31, Leu39, 
and Gly55). Therefore, most contacts between the r-proteins and the rRNA are either 





Table 2.3: S15, S17, and S20 contact residues, at 3.5Å cutoff 
E. coli T. thermophilus 
S15 S17 S20 S15 S17 S20 
Ser2 Ile5 Asn3 Pro2 Pro2 Leu10 
Thr5 Ser14 Lys5 Lys5 Lys3 Lys14 
Thr8 Lys16 Ser6 Lys8 Ser12 Arg15 
Asp21 Met17 Arg10 Ile12 Met15 His16 
Thr22 Glu18 Gln13 Phe18 Gln16 Arg17 
Gly23 Lys19 Ser14 Asp21 Lys17 Gln18 
Ser24 Ser20 Ala17 Thr22 Thr18 Lys21 
Gln28 Ile33 Asn21 Gly23 Arg25 Arg22 
Leu31 Tyr34 Ser23 Gln28 Tyr32 Arg23 
Gln35 Phe37 Arg24 Arg35 Lys34 Asn26 
His38 Arg40 Arg25 His42 Arg38 Lys27 
Leu39 Thr41 Ser26 His46 Ser39 Lys29 
His42 Lys43 Met27 Lys48 Lys40 Ser31 
His46 Leu44 Arg29 Asp49 Lys41 Thr35 
Lys48 His45 Thr30 His51 Tyr42 Lys38 
Asp49 Arg65 Lys33 Ser52 Glu61 Lys39 
His50 Pro66 Lys34 Arg54 Ser62 Glu60 
His51 Leu67 Gln55 Gly55 Arg63 Ser61 
Ser52 Ser68 Pro56 Met58 Pro64 Asp64 
Arg54 Lys69 Asp59 Gly61 Ile65 Lys65 
Gly55 Lys71 Arg60 Arg64 Ser66 Lys68 
Ser61  Ala63 Arg65 Lys67 Ser70 Gln62  Lys64 Arg68 Arg68 Lys74 Arg64  Lys69 Tyr69 Lys69 Asn75 Lys65  Asn70 Arg72 Arg70 Arg79 Tyr69  Lys71  Arg72 Lys81 Lys73  Ala73  Arg91 Ser82 
  Arg74  Asn94 Arg83 
  Lys76  Tyr95 Met85 
  Ala77  Leu98 Arg86 
  Asn78  Ser99 Lys87 
  Thr80  Lys100 Arg89 
    Gly102 Gly101 
    Gly103 Gly102 
    Lys104 Ser105 
    Ala105  Note: Residues colored red have conserved identity in the sequence alignment of the two proteins; those in 
green have conserved type, i.e. basic, acidic, polar, nonpolar, or aromatic. Some residues may contact more 
than one nucleotide. 
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2.2.3 Dynamics and conformational Changes of S15 
S15 is a primary binding protein which binds in the 3’ major domain of 16S RNA. 
In the assembled 30S subunit, S15 is solvent-exposed and located on the back of the 30S 
subunit body. The 16S RNA binding site of S15 is at the three-way junction of helices 20, 
21, and 22 in the 16S central domain. The primary, secondary, and tertiary structures of 
S15 are highly conserved across species: four bundled α-helices are connected by short 
loops (Figure 2.2a). All 16S rRNA contact residues are found on one side of S15, located 
on helices 1, 2 and 3 and the loops connecting the three helices, but helix 4 does not have 
any contacts with rRNA. 
In previous structural studies, X-ray [86-88] and NMR [51,89] derived structures 
were reported and the only significantly different conformation reported was in the 
crystal structure[86] where  helix 1 was rotated 90˚ away from the remaining bundled 
helices. Additional studies have been published about the role of S15 in ribosome 
assembly and antibiotic responses with mutagenesis studies [90] and MD simulations, 
studying the effects of Mg2+ ions on the protein alone and with its rRNA binding site 
[51]. It has been suggested that this protein acts as a bridge between the large and small 
subunits in the fully assembled ribosome [91].  
Root-mean-square deviations (RMSD) were calculated from the molecular 
dynamics simulations of the S15 protein and are presented in Figure 2.3a. The S15 from 
the two species exhibit relatively low RMSD values during MD simulations, with values 
remaining below 5 Å. Figure 2.4 presents the root-mean-square fluctuation (RMSF) 
values calculated over the period of time from 10 ns until the end of the simulation. 
Contact residues are shown as solid symbols in the plot. High RMSF values were 
observed for the loop connecting helices 2 and 3, and several conserved contact residues 
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are located in this loop. The contact residues found on helices 2 and 3 have very low 
RMSF values, whereas helix 1 and the loop connecting helices 1 and 2 have a few 
contact residues with moderate RMSF values. Helix 4, which has no contacts with 16S 
RNA retains its helical structure during the MD simulation and has moderate RMSF 
values. Representative backbone structures for E. coli and T. thermophilus S15 are 
depicted in Figure 2.5. The proteins retain their secondary and tertiary structures during 
the MD simulations and only small conformational changes are observed for either S15 
protein. This indicates that the S15 protein from both organisms is a relatively stable 
protein in solution and that the conformations observed during the simulations are similar 






Figure 2.3: RMSD values for S15, S17, and S20 proteins. E. coli proteins are 
represented by lighter squares and T. thermophilus by darker triangles. The S17 include 
the RMSD value for just the part of the structure that is homologous (dark green) to E. 
coli S17 (omitting the extra T. thermophilus C-terminal part). Notably, this C-terminal 






Figure 2.4: RMSF values for S15. E. coli proteins are represented in red with squares 
indicating contact residues and T. thermophilus proteins are colored blue with triangles 
for contacts. In these figures, the proteins have been sequentially aligned to demonstrate 
the behaviors of the conserved structural elements. Aligned Residue Numbers, therefore, 




Figure 2.5: S15 structural variations during MD simulation. Backbone snapshots of 
both proteins are in shades of blue (E. coli light blue; T. thermophilus dark blue). 
Backbone starting structures are shown in yellow. 
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Table 2.4 compares the average RMSF for contact residues with respect to 
average RMSF for all residues. The average RMSF value for all E. coli S15 residues is 
2.11 Å and for all contact residues is 2.24 Å. For T. thermophilus S15, all residues 
average RMSF is 1.84 Å and all contacts is 2.37 Å. These differences are small, but 
statistical analysis shows that S15 contact residues are positively enriched with mobile 
residues, as indicated by enrichment factors greater than 1 for both species (Table 2.4; 
EF=1.08 and p-value=0.217 for E. coli; EF=1.46 and p-value=0.008 for T. thermophilus, 
see Methodology for explanation of enrichment factors and the p-value). The P-values for 
these enrichment factors signify that the mobility enrichment of T. thermophilus contact 
residues is significant while it may not for E. coli.  
 
Table 2.4: Average MD RMSF values (in Å; standard deviations in parentheses) and 
enrichment factors EF 






S15 2.11 (1.24) 2.24 (1.27) 1.08 0.217 
S17 1.85 (0.94) 2.28 (0.92) 1.10 0.199 
S20 8.82 (3.17) 9.14 (3.34) 1.06 0.215 
T. thermophilus 
S15 1.84 (1.29) 2.37 (1.66) 1.46 0.008 
S17 4.68 (2.93) 5.74 (3.40) 1.40 0.008 
S20 6.96 (2.94) 7.62 (2.80) 1.15 0.057 
 
2.2.4 Dynamics and conformational Changes of S17 
In the 30S subunit, S17 is also solvent exposed and is located near S15 in the 5’ 
domain of the 16S rRNA. To date, no X-ray crystal structures have been determined for 
S17 alone, but a low resolution NMR solution structure has been presented for Bacillus 
stearothermophilus S17 [92]. The S17 structure found in the E. coli 30S subunit is 
comprised of a small β-barrel and an extended ß-hairpin loop (Figure 2.2b). The contact 
residues are located on one end of the β-barrel and in the extended ß-hairpin loop. The 
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S17 from T. thermophilus has an extra C-terminal α-helix which makes additional 
contacts with the 16S rRNA (Figure 2.2b). Thus, E. coli contact residues exhibit 
somewhat higher conservation than the overall sequence does, whereas T. thermophilus 
contact residues are slightly less conserved than the sequence of the full-length proteins. 
In the E. coli 30S subunit, the S17 ß-hairpin loop is embedded in rRNA and contains five 
contacts, three of which are found contacting helix 11 of the central domain with two 
contacting the 5’ domain at helix 21. The axis of the β-barrel is oriented into the main 
part of the rRNA, and the end of the barrel nearest the RNA contains the remaining 
contact points, all of which contact the 5’ domain of 16S rRNA along helices 7, 9, and 
11. Because these contacting residues associate with both the 5’ domain and the central 
domain, E. coli S17 is a plausible anchor between them. The T. thermophilus S17 also 
contacts these two 16S domains but includes an additional ten protein contacting residues 
in its C-terminal α-helix and coiled tail. These residues have a larger extent of contact 
with helix 11 and strengthen the association with the central domain at helices 20 and 27. 
Research indicates that the 30S subunit assembly begins at the 16S rRNA 5’ end [16] 
and, S17 appears to organize the 5’ region [25], so it is clear that the cooperative 
conformational changes and rRNA binding of this protein are likely to play an important 
role in the early stages of ribosome formation. 
During the MD simulation of E. coli S17, the β-sheet structures remained stable: 
the average RMSD for this protein was relatively low (below 5 Å; lime green plot, Figure 
2.3b). Conversely, a much higher RMSD was observed for S17 from T. thermophilus 
(olive green plot, Figure 2.3b), although the protein did take on a relatively stable 
conformation after ~80 ns of simulation. Further investigation reveals that the extra α-
helix in T. thermophilus S17 is responsible for the high RMSD values. The structurally 
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homologous portions of the proteins have comparable RMSD values (T. thermophilus 
homolog: dark green plot, Figure 3b), both around 4 Å. The backbones of structurally 
homologous portions both retain their overall shape during the MD simulations.  
S17 RMSF values, shown in Figure 2.6, were calculated from the MD simulations 
starting from the 10 ns point until the end of the trajectory. While the T. thermophilus 
S17 generally exhibited larger deviations from its starting structure than did the E. coli 
S17, when sequentially aligned, the RMSF values for the structurally homologous 
portions of the proteins correlate well. For E. coli S17, the loops connecting the ß-strands, 
the extended ß-hairpin loop, and both termini exhibit comparably high RMSF values, 
whereas the ß-strands participating in the ß-barrel (valleys in Figure 2.6) have low RMSF 
values. The same pattern is true for the homologous portion of the T. thermophilus RMSF 
plot, and the extra C-terminal region exhibits very large RMSF values. The contact 
residues in the E. coli S17 are located in the highly mobile ß-hairpin, the moderately 
mobile Loops 1 and 6, as well as the least mobile ß-strands of ß-barrel: ß5, the last 
residue of ß1, and the first of ß2. In T. thermophilus S17, there are four regions of the 
protein with high RMSF (the N-terminus, the ß-hairpin loop, Loop 4, and the C-
terminus), all of which contain contact residues. In fact, every residue in Loop 4 is a 
contact residue, and residues close to each end of the loop also have high RMSF values. 
The three contact residues in the α-helix have high RMSF and the ten residues in the C-
terminal coil have some of the highest RMSF, seven of which are contact residues. The 






Figure 2.6: RMSF values for S17. E. coli proteins are represented in red with squares 
indicating contact residues and T. thermophilus proteins are colored blue with triangles 
for contacts. In these figures, the proteins have been sequentially aligned to demonstrate 
the behaviors of the conserved structural elements. Aligned Residue Numbers, therefore, 
do not necessarily reflect the actual residue indices of the protein sequence. 
 
 
Representative structures seen throughout the E. coli and T. thermophilus S17 
simulations are shown in Figure 2.7. The RMSF data and these images indicate that the 
structurally homologous regions of the S17 protein behave similarly in solution and that 
the ß structures of both homologs retain their overall shape throughout the simulations, 
whereas the flexible C-terminal α-helix in T. thermophilus loses its helical structure. 






Figure 2.7: S17 structural variations during MD simulation. Backbone snapshots of 
both proteins are in shades of green (E. coli light green; T. thermophilus dark green). 
Backbone starting structures are shown in yellow. 
 
Further analyses of the relative mobility of contact residues show similar trends as 
S15. The average RMSF (Table 2.4) for all residues in E. coli S17 is 1.85 Å and 2.28 Å 
for all contacting residues; for T. thermophilus, the average for all residues is 4.68 Å, and 
5.74 Å for all contacting residues. The differences in these values, while small, indicate 
that contact residues are, on average, more mobile than all residues for both S17 proteins. 
Enrichment factors for S17 show positive mobility enrichment for contact residues in 
both species (Table 2.4; EF=1.10 with p=0.199 for E. coli; EF=1.40 with p=0.008 for T. 
thermophilus), with p-values indicating that T. thermophilus enrichment is significant 
while it may not be for E. coli.  
2.2.5 Dynamics and conformational change of S20 
In the 30S subunit crystal structures from both species, protein S20 is found 
deeply embedded in the 16S rRNA. This protein contacts 16S RNA helices 6-9, 11, 
and13 in the 5’ domain and is the only r-protein to contact helix 44 in the 3’ domain. The 
structure of S20 consists of a unique set of three bundled α-helices, with helix 1 twice as 
long as the others, the N-terminus most deeply inserted into the subunit, and only a small 
portion of the three-helix bundle exposed to solvent. While the E. coli and T. 
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thermophilus S20 proteins have a generally conserved tertiary body (Figure 2.2c), the T. 
thermophilus S20 crystal structure is missing its first seven residues and has an additional 
15 residue C-terminal tail which the E. coli protein does not have.  
The simulation RMSD values for S20 from both species oscillate wildly (Figure 
2.3c), indicating the proteins conformation vary broadly from their starting conformations 
(up to ~20 Å). Multiple length simulations (at least 200 ns) show that while S20 RMSD 
may remain within a range of 5-10 Å for a time, the protein does not adopt a solution-
stable conformation. Figure 2.8 shows that the S20 RMSF plots have similar trends for 
both E. coli and T. thermophilus S20 proteins, and aside from the first portion of α1, the 
three α-helices are primarily located at valleys in the plots. The highly flexible region of 
α1 binds to rRNA helices 6, 7, and 13, whereas the nearby, more stable contact residues 
in α1 contact the tip of rRNA helix 44, a helix that has no contacts with any other small 
subunit proteins. The remaining contacts have relatively moderate or low RMSF values. 
As seen in the other proteins, the loop regions between the stable secondary structures are 
located at peaks in the RMSF plot, whereas the α-helical regions themselves correspond 
to the RMSF valleys. Visual inspection of the trajectories suggests that the major 
contributor to S20 flexibility is helix 1, shown in Figure 2.9, which extends deeply into 
the rRNA. The N-terminal portion of helix 1 bends and swings wildly during the MD 





Figure 2.8: RMSF values for S20. E. coli proteins are represented in red with squares 
indicating contact residues and T. thermophilus proteins are colored blue with triangles 
for contacts. In these figures, the proteins have been sequentially aligned to demonstrate 
the behaviors of the conserved structural elements. Aligned Residue Numbers, therefore, 





Figure 2.9: S20 structural variations during MD simulation. Backbone snapshots of 
both proteins are shown in shades of red (E. coli light red; T. thermophilus dark red). 
Backbone starting structures are in yellow. 
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Previous studies [93] have shown that the free S20 protein in solution does not 
exhibit the high percentage of α-helical regions as seen in the crystallized structure. The 
conformational variation exhibited by S20 in the work here is consistent with this data, 
and this flexibility coupled with the deep insertion of the protein into the folds of RNA in 
the fully-assembled ribosome indicate that S20 is stabilized primarily by its large number 
of contacts with the RNA.  
The average RMSF trends (Table 2.4) for S20 contact residues are generally in 
agreement with the results presented for S15 and S17. For E. coli, the average RMSF for 
all residues is 8.82 Å and for all contact residues is 9.14 Å. In T. thermophilus, the 
average value for all residues is 6.96 Å and 7.62 Å for all contact residues. These data 
show that the mean RMSF for all contacts is greater than that for the whole structure, 
consistent with the results for S15 and S17. Both E. coli and T. thermophilus S20 proteins 
show positive enrichment of mobility in their contact residues (Table 2.4; EF=1.06 with 
p-value=0.215 for E. coli; EF=1.15 with p-value=0.057 for T. thermophilus). However, in 
this case, the p-values are both greater than 0.05, a typical threshold used for statistical 
significance test.  
2.2.6 General Trends based on Elastic Network Modeling 
To rapidly assess the potential connection between contacting residues and their 
mobilities, we use elastic network modeling which compute RMSF values using only a 
fraction of the computational resources required for the MD simulations. The elastic 
network models have been applied previously to the ribosome by us [53,78,80,94], and in 
general the dynamics calculated via the Anisotropic Network Model [95,96] correlate 
reasonably well with those from the MD simulations. For example, the correlation 
coefficient between RMSF values calculated for E. coli S15 is 0.57, for S17 is 0.63, and 
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for S20 is 0.81. ANM and MD predict similar patterns of mobility and stability, with 
most of the discrepancy at the terminal residues and highly flexible regions (such as S20 
α-helix 1 and S17 ß-hairpin loop). In fact, if the first two and last two residues of E. coli 
S15 are excluded, the correlation factor increases to 0.67. The MD simulations typically 
predict greater terminal residue mobility (except for the highly mobile S20 helix 1) and 
the ANM calculations consistently predict higher fluctuation values for extended residues 
in the middle of the protein. 
ANM mobility enrichment was calculated for all 19 r-proteins in the two 30S X-
ray structures and results are presented in Table 2.5. Most r-proteins are significantly 
enriched for mobile residues at the rRNA contact points at the 0.05 level. Contacting 
residues are not only enriched, but they make up a subset of residues that is near maximal 
enrichment, for a given structure. Proteins S2, S6, S8, S18 and S19 do not show 
statistically significant enrichments and are colored red in Table 2.5. As mentioned 
earlier, S2 and S6 differ from the rest of r-proteins in that they do not have a net positive 
charge. Also S6 and S18 are known to form dimers in solution. Hence calculation of their 
dynamics as monomers may not reflect their true dynamics in solution. S8 is one of the 
primary binding r-proteins and S19 is one of the secondary binding r-proteins. At present, 
we do not know specific properties that may make these two proteins differ from the rest. 
Although their EF values are greater than one (rRNA contacts are more mobile), their p-
values do not reach the level of high statistical significance (they are not a maximally 
enriched subset). In addition to those r-proteins, S14, S17 and S20 are not significantly 
enriched with mobile residues for E. Coli, but are statistically significant enriched for T. 
Thermophilus.  On average, T. thermophilus proteins show a slightly increased 
enrichment relative to E. coli; with average enrichment factors of 1.51 and 1.46, 
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respectively, with medians of 1.43 and 1.33. Of the 6 proteins categorized as being early 
by the Harvey group [33], two E. coli and five T. thermophilus have mobility 
enrichments significant at the 0.05 level. Of the six primary proteins identified by 
Nomura [22], three E. coli and five T. thermophilus are significant at the 0.05 level. 
Proteins involved later in assembly are not differentially significant between the two 
species. This may imply that thermophiles exhibit increased control over the placement 
of mobile residues within proteins that bind to rRNA. 
 
Table 2.5: ANM enrichment factors and significance for 30S proteins 
 T. Thermophilus E. Coli 
 EF p-value EF p-value 
S02 0.97 0.505 1.05 0.352 
S03 2.22 0.001 2.07 <0.001 
S04 1.39 0.013 1.44 0.005 
S05 1.78 0.004 1.62 0.012 
S06 0.83 0.452 1.11 0.278 
S07 2.76 <0.001 1.85 0.041 
S08 1.35 0.074 1.27 0.108 
S09 2.15 <0.001 1.73 <0.001 
S10 1.40 0.010 1.73 <0.001 
S11 1.69 0.008 3.20 <0.001 
S12 1.58 0.001 1.40 0.007 
S13 1.43 0.002 1.48 <0.001 
S14 1.55 0.017 1.10 0.179 
S15 1.36 0.005 1.23 0.038 
S16 1.67 0.004 1.02 0.428 
S17 1.48 0.005 1.33 0.063 
S18 0.58 0.936 0.93 0.585 
S19 1.09 0.125 0.88 0.166 
S20 1.33 0.031 1.24 0.063 
Note:  EF is the enrichment factor, defined as the ratio of root mean square fluctuations for contacting over 
non-contacting residues. The P-value is the statistical significance computed with a permutation test. See 
text for details. 
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2.3 Conclusion  
Several important conclusions can be reached based on the above reported results. 
First, the positively charged residues on r-proteins must play important roles in binding 
with 16S rRNA, as noted earlier [43,81,82]. A significantly higher percentage of contacts 
between r-proteins and rRNA are formed by these positively charged and hydrogen 
bonding residues. We also see that r-proteins from a thermophilic species (T. 
thermophilus) have more positively charged residues than a mesophilic species (E. coli), 
which correlates with the fact that thermophilic ribosomes must maintain stronger (or a 
larger number of) interactions in order to function at considerably higher temperatures. 
Second, as previously discussed [58], conformational changes of r-proteins could take 
place during 16S rRNA binding. Our study clearly shows that α-helix 1 of S20 is unstable 
in solution by itself and exhibits large conformational changes. In contrast, S15 and S17 
adopt stable conformations in solution, which agrees with the earlier suggestion [6] that 
ribosomal proteins do not undergo structural changes during assembly. We attribute the 
differences in these behaviors to the extent of solvent exposure the protein experiences 
within the assembled subunit. In the ribosome, S15 and S17 are primarily solvent 
exposed so their solution structures would be likely to more closely resemble their bound 
structures, whereas S20 is deeply embedded in the 16S RNA, and its association with its 
RNA binding site stabilizes the flexible portion of α-helix 1. Third, analyses of residue 
mobilities reveal that RMSF values for contact residues are statistically higher than those 
for other residues. This means that contacting regions are more enriched with mobile 
residues than non-contacting regions, which supports previous observations [6] that the 
flexible regions of ribosomal proteins are usually the locations of RNA contacts. 
However, this does not mean that all contact residues are located in the flexible loop 
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regions. It is important to point out that there are many contact residues found in α-
helices and β-sheets that exhibit low to moderate RMSF values. The trend that contact 
residues being enriched with mobile residues holds for most of 30S r-proteins, with only 
a few distinct exceptions like S2, S6, S18. Their exceptions however could be traced to 
peculiar known facts such as dimerization between S6 and S18. The increased mobility of 
contact residues could ensure more efficient binding and even aid in the binding site 
preparation for later binding proteins by actively associating with their 16S binding 
partners and helping to fold and maintain the appropriate rRNA tertiary structure. The T. 
thermophilus exhibited higher enrichment factors than the E. Coli, which may point to a 
novel adaptation of thermophiles – the increased control over the placement of highly 
mobile residues.  
 
2.4 Methods  
2.4.1 Analysis of Contacts in the Assembled 30S subunits 
In the current study, we analyze the crystal structures of the 30S subunits from the 
Escherichia coli (PDB [97] ID 2AVY [12]) and Thermus thermophilus ribosomes (PDB 
ID 1J5E [43]). Structural and sequence alignments of r-proteins found in the two species 
were done with Molecular Operating Environment (MOE) software (Chemical 
Computing Group). Contacts between r-proteins and 16S rRNA were analyzed using our 
own computer program. A contact point was defined as any atom of a protein residue 
found within a 3.5 Å cut-off distance from any 16S nucleotide atom. That amino acid was 
labeled as a “contact” residue. The total number of “contacts” between one r-protein and 
the 16S rRNA may exceed the total number of contacting residues identified in the 
protein because an amino acid may be within cutoff distance of more than one nucleotide, 
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thus counting as more than one contact. The identity and position of these contact 
residues found in the assembled 30S subunit were recorded and used for further analysis.  
2.4.2 Molecular Dynamics Simulations  
Molecular dynamics (MD) simulations were run using the AMBER 10 software 
package [98] and the parmbsc0 force field [99], an optimization of the Amber99 force 
field for nucleic acids and proteins. The starting conformations of r-proteins for the MD 
were obtained from the crystal structures of the 30S subunits (E. coli 2AVY and T. 
thermophilus 1J5E). Counterions were added to neutralize the charge of the protein, and 
an additional 10 potassium and 10 chloride ions were added to create a low salt 
concentration. The protein systems were then solvated using a rectangular box of TIP3P 
water [100]. The systems were subjected to two minimization cycles: 1000 steps with the 
protein fixed and 5000 steps unrestrained. Afterward, a 100 ps warm-up MD simulation 
was run at constant volume by increasing temperature from 0 to 300K, with the protein 
fixed using a restraint constant of 10.0 kcal∙mol-1∙Å-2. The MD simulation then switched 
to the NPT ensemble (p=1.0 bar), using the Langevin thermostat with a collision 
frequency of 1.0 ps-1, to equilibrate the ions and water density for 2 ns. The restraint force 
on the protein was then removed and the production run began with the NPT ensemble 
(p=1.0 bar) using a time step of 2 fs. All simulations used the SHAKE algorithm 
[101,102] to constrain covalently bonded hydrogen atoms and the Particle Mesh Ewald 
(PME) method [103] to calculate long-range electrostatic interactions, with a cutoff 
distance of 10.0 Å. Histidines are represented as HIE (neutral charge: hydrogenated Nε, 
aromatic Nδ). Duplicate MD simulations were performed to verify that the reported 
dynamic behaviors of each protein are representative in the final MD runs. MD 
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production runs were performed for at least 200 ns, which should be of sufficient length 
to establish the conformational stabilities of proteins of this size.   
Using Ptraj to monitor the overall structural changes in reference to the starting 
structure, the root-mean-square deviation (RMSD) for each protein was calculated as a 
function of production run time. If the plot of the RMSD versus time forms a plateau, the 
protein likely adopts a solution-stable conformation; however, a widely fluctuating 
RMSD plot indicates a flexible protein in solution. To quantify the mobility of each 
residue, root-mean-square fluctuations (RMSF) were calculated using the average protein 
conformation as the reference state. The RMSF values presented in this paper are 
calculated from 10 ns to the end of each simulation (approximately 200 ns) to allow 
adequate time for the protein to fully adopt its stable solvated conformation, if one was at 
all achieved. This ensures that the RMSF plot differentiates flexible residues from 
stationary residues during the time that the protein samples its solution-stable 
conformations. In both RMSD and RMSF calculations, all atoms were included.  
The RMSF is related to the experimental B-factors reported by crystallographers, 
through a simple relationship (B-factor = (8/3) 2(RMSF)2), which could be compared 
with the experimental measured B-factors reported in the PDB files of the 30S subunits. 
However, the experimental B-factors for each r-protein found in the 30S subunits were 
nearly featureless for individual proteins, probably because the reported B factors reflect 
the mobility of the atoms within the whole assembled subunit and are not representative 
of the individual r-proteins. Hence, we did not compare the B-factors calculated from 
MD simulations with the experimental B-factors.  
Snapshots of each protein at various stages throughout the simulations were 
visualized using Visual Molecular Dynamics [104] (VMD) to identify the flexible and 
 
 42 
stable regions of the protein. All images were made with VMD, which is developed with 
NIH support by the Theoretical and Computational Biophysics group at the Beckman 
Institute, University of Illinois at Urbana-Champaign.  
2.4.3. Elastic Network Modeling 
 Because the Molecular Dynamics simulations require significant 
resources, we have also chosen to model the dynamics of the complete set of 30S 
ribosomal proteins with the more computationally efficient elastic network model [105], 
using the Anisotropic Network Model in particular [96,106], ANM models permit us to 
investigate the dynamics of all of the 30S proteins more quickly but with less detail in the 
observed dynamics than MD, but with greater overall certainty about the large-scale 
motions of the structures. ANM models are constructed using the crystallographic Cα 
coordinates of each protein and a cutoff of 13Å. Due to its coarse-grained design, the 
ANM is subject to the “tip effect” [107,108] in which highly extended points (Cα) 
experience exaggerated motions, which would place disproportionate weight on the most 
mobile residues. To compensate for this effect, we calculate the RMSF of each residue 
position in each structure and remove extreme outliers from subsequent analyses. The 
“tip effect” residues removed in this study are Arg88 and Gly89 from T. thermophilus 
S15, and Gly8, Val9, Val10, and Val11 from T. thermophilus S17. We also use RMSF to 
make comparisons between 16S rRNA contacting residues and non-contacting or highly 
conserved residues. The definition of contacting residues and conserved residues is the 
same in both the ANM calculations and the MD studies.  
2.4.4. Statistical Analysis of Contact Residue Mobility  
To statistically determine linkages between highly mobile and contacting residues 
or conserved residues from both ANM calculation and MD simulation, we calculate an 
 
 43 
enrichment factor for each protein defined as the ratio of the average RMSF for 
contacting over non-contacting residues. An enrichment factor greater than 1 implies that 
the contacting residues are more mobile than the non-contacting residues. However, an 
enrichment factor less than 1 implies the reverse. The statistical significance (p-value) of 
the enrichment factor is calculated based on the permutation test explained as follows. 
For a protein of N residues, C of which are contacting, we have an observation of the 
enrichment of RMSF at the contacting residues relative to the non-contacting residues. 
Let this ratio be O. We then randomly select C residues from the protein and calculate the 
analogous ratio between this random set and its compliment. Performing the random 
selection 10,000 times, we construct a distribution of enrichment values within random 
sets of C residues. The significance (p-value) of our initial observation, O, is then the 
proportion of random samples that have an enrichment greater than O. A small p-value 
(e.g., p<0.01) implies that a random set of C residues is unlikely to have an enrichment 
factor equal or greater than the observed ratio O. This not only means that the contacting 
residues are more mobile than the non-contacting residues, but that there are very few 





A comparative study of ribosomal proteins: linkage between amino acid distribution 
and ribosomal assembly  
 
Background: Assembly of the ribosome from its protein and RNA constituents must 
occur quickly and efficiently in order to synthesize the proteins necessary for all cellular 
activity. Since the early 1960’s, certain characteristics of possible assembly pathways 
have been elucidated, yet the mechanisms that govern the precise recognition events 
remain unclear. 
We utilize a comparative analysis to investigate the amino acid composition of 
ribosomal proteins (r-proteins) with respect to their role in the assembly process. We 
compared small subunit (30S) r-protein sequences to those of other housekeeping 
proteins from 560 bacterial species and searched for correlations between r-protein amino 
acid content and factors such as assembly binding order, environmental growth 
temperature, protein size, and contact with ribosomal RNA (rRNA) in the 30S complex. 
Results: We find r-proteins have a significantly high percent of positive residues, which 
are highly represented at rRNA contact sites. An inverse correlation between the percent 
of positive residues and r-protein size was identified and is mainly due to the content of 
lysine residues, rather than arginine. Nearly all r-proteins carry a net positive charge, but 
no statistical correlation between the net charge and the binding order was detected. 
Thermophilic (high-temperature) r-proteins contain increased arginine, isoleucine, and 
tyrosine, and decreased serine and threonine compared to mesophilic (lower-
temperature), reflecting a known distinction between thermophiles and mesophiles, 
possibly to account for protein thermostability. However, this difference in amino acid 
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content does not extend to rRNA contact sites, as the proportions of thermophilic and 
mesophilic contact residues are not significantly different. 
Conclusions: Given the significantly higher level of positively charged residues in r-
proteins and at contact sites, we conclude that ribosome assembly relies heavily on an 
electrostatic component of interaction. However, the binding order of r-proteins in 
assembly does not appear to depend on these electrostatics interactions. Additionally, 
because thermophiles and mesophiles exhibit significantly different amino acid 
compositions in their sequences but not in the identities of contact sites, we conclude that 
this electrostatic component of interaction is insensitive to temperature and is not the 
determining factor differentiating the temperature sensitivity of ribosome assembly. 
 
3.1. Introduction 
Ribosomes are the transient macromolecular machines that synthesize proteins in 
all living organisms. They are composed of ribosomal RNA (rRNA) and ribosomal 
proteins (r-proteins), which self-assemble into functional units. The bacterial ribosome is 
made of two asymmetrical subunits: the larger 50S and the smaller 30S [30]. This study 
focuses on the assembly of the 30S subunit. The efficient and accurate self-assembly of 
the ribosome in vivo is essential because new ribosomes and proteins must be produced in 
order for cells to grow. It is estimated that approximately 60% of all cellular 
transcriptional activities have been attributed to the synthesis of rRNA in a rapidly 
growing cell [7] and 40% of the total energy of an Escherichia Coli cell is directed 
toward the synthesis of proteins [8]. Assembly has been studied extensively, both 
experimentally [15,27,29,37,46,64,109] and computationally [33,47,48,79], and is known 
to require the orchestration of both rRNA folding and r-protein binding. Previous 
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investigations provide evidence of an ordered, cooperative protein binding/RNA folding 
assembly mechanism [16,22,62], conserved structures and sequences [37,110-114], and 
the employment of electrostatics interactions [48,81,82]. A detailed assembly map 
describing the sequential and interdependent binding of r-proteins [22] classified r-
proteins as primary, secondary, and tertiary binders, depending on their ability to bind to 
16S rRNA: primary proteins bind to bare rRNA, secondary proteins can bind to 16S 
rRNA after at least one primary protein has already bound, and tertiary proteins require at 
least one primary and one secondary protein [30]. Additionally, r-proteins were named 
S1, S2, S3, etc., in the general order of decreasing size; that is, S1 is the largest ribosomal 
protein and S21 the smallest [115,116].  
Because r-proteins strongly interact with negatively charged rRNA to form a 
functional complex, one might expect that r-proteins exhibit characteristic amino acid 
composition and distribution within the protein structures that reflect their electrostatic 
interactions. For instance, it is known that r-proteins generally carry net positive charges 
[81-82], and we previously analyzed the crystal structures of two bacterial ribosomes and 
found that most E. coli and Thermus thermophilus r-proteins not only carry net positive 
charges, but their percentages of positively charged residues are actually above the 
average expected for a typical protein [48]. We also demonstrated that these positively 
charged residues tend to be concentrated in areas of the protein that are in contact with 
rRNA. These observations are consistent with the hypothesis that positively charged 
residues facilitate and stabilize r-protein binding to the negatively charged rRNA. 
Because these studies encompassed such a small portion of the bacterial kingdom, the 
investigation of r-proteins from a large number of species is needed to more definitively 
describe the nature of this trend. To date, however, large-scale analyses comparing the 
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ribosomal components from many species have focused on the use of rRNA, r-proteins, 
or ribosomal DNA to determine species relatedness or construct phylogenetic trees [117-
120] rather than attempting to shed light on the universal mechanisms of ribosome 
assembly. 
Temperature has profound effects on the rates of biological reactions and the 
structures of molecules, including proteins [121]. Because the structure and function of a 
protein are ultimately controlled by its makeup of amino acids, one would expect proteins 
from thermophilic species to have different amino acid composition from those of 
mesophilic species. In accordance, several large-scale thermostability studies have 
detected differences in protein residues, such as thermophiles exhibiting an increased 
occurrence of charged residues, decreased incidence of polar and uncharged residues, a 
reduction in hydrophobic surface of the protein, larger numbers of hydrogen bonds, ion 
pairs, and disulfide bridges or hydrophobic and aromatic interactions, an increased 
protein compactness, and changes in surface charge distribution and helix dipole 
stabilization [121-129]. While the majority of these previous protein thermostability 
analyses have focused primarily on non-ribosomal protein samples, one [129] mentioned 
that the trends were not significantly changed when r-proteins were excluded from 
analysis. Some studies have focused on ribosomal components in light of thermal 
adaptation, identifying a positive correlation between the guanine and cytosine content in 
rRNA genes and the species growth temperature [130],  and demonstrating that the 
binding affinity of r-protein S8 with its rRNA binding site increases with growth 
temperature among related bacterial species [84]. Additionally, it has been shown 
[20,131] that subunits from a thermophilic Archaea can form functionally active hybrids 
with eukaryotic yeast subunits (i.e. the small subunit from one species and the large from 
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another), whereas no such particles formed between the subunits from a mesophile and 
yeast, suggesting that there is at least some structural similarity between ribosomes from 
thermophilic bacteria and eukaryotic species. One study [132] compared the stability of 
the entire ribosome structure in mesophiles and thermophiles, showing that thermophilic 
ribosomes are generally nonfunctional at low temperatures and hypothesizing that 
thermophilic ribosomes might be prohibitively rigid at low temperatures in order to be 
functionally flexible at their optimal growth temperatures. This is in agreement with a 
report from “melting” and unfolding studies, indicating thermophilic ribosomes are more 
“durable” than those isolated from mesophiles [21]. Similarly, it has been shown that the 
individual components of a thermophilic ribosome are less stable than the completely 
assembled ribosome [133]. In our previous study [48], we observed that r-proteins of the 
thermophilic T. thermophilus generally have higher net positive charges than those of 
mesophilic E. coli, possibly implicating differing roles of certain amino acids in the 
structure or function of thermophilic and mesophilic r-proteins.  While these 
thermostability studies have enriched the current understanding of ribosome structures 
and temperature-sensitive characteristics in a variety of species, details regarding the 
contributions of individual amino acids to the ribosome’s accurate self-assembly 
mechanisms and the factors that differentiate species’ ability to create thermostable 
complexes within certain temperature ranges remain uncertain.  
In the current study, we extend our previous work to include 560 different 
bacterial species (listed in the Appendix) to test whether the reported trends hold for 
prokaryotes in general. For this purpose, we employ a comparative approach where 
association is tested between the average occurrence of each amino acid and the members 
of two categories of house-keeping bacterial proteins: ribosomal proteins and non-
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ribosomal proteins. Additionally, we compare r-protein sequences from mesophilic and 
thermophilic species to examine how amino acid composition and distribution might 
affect ribosome assembly at differing environmental temperatures.   
 
3.2. Results and discussion 
3.2.1. R-proteins contain higher levels of positively charged residues than 
other soluble protein families 
To test whether the unusually high proportion of positive amino acids (arginine 
(Arg, R) and lysine (Lys, K)), identified in our recent study of E. coli and T. thermophilus 
is a general pattern among bacteria, we compared the proportion of each amino acid 
between ribosomal and other house-keeping, non-ribosomal proteins from 560 species, 
shown in Figure 3.1a. For each species, we calculated the percentage of each amino acid 
across all 30S ribosomal protein sequences and in each of the 15 non-ribosomal protein 
families.   Student’s paired sample t-tests revealed significant differences between 
ribosomal proteins and non-ribosomal families in the proportions of all amino acids 
except for histidine, asparagine, glutamine, and tryptophan (H, N, Q, and W; Figure 
3.1a). Table 3.1 provides the statistical values. In ribosomal proteins, the positive 
residues Arg and Lys make up the largest proportions of the sequences, at 10% and 11%, 
respectively, whereas the non-ribosomal proteins have 4.7% Arg and 5.9% Lys. Many 
other amino acids generally exhibited significantly higher proportions among non-
ribosomal proteins, but it is likely that these differences are largely a consequence of the 
much lower proportions of arginine and lysine. Therefore, it appears that an unusually 
high proportion of positive amino acids is a defining characteristic of prokaryotic r-
proteins. It is worth noting that, in non-ribosomal proteins, the average proportions of the 
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acidic, negatively charged residues at physiological pH (aspartic acid (Asp, D) and 
glutamic acid (Glu, E)) are roughly equivalent to the average proportions of basic, 
positively charged residues (Arg, Lys). This results in, on average, a neutral net charge 
for those proteins. However, for r-proteins, the percentages of positively charged basic 
residues are considerably larger than for negatively charged acidic residues. This is in 
agreement with the previously reported [48] net positive charges for r-proteins and 
indicative of the role of electrostatic attractions between r-proteins and negatively 
charged rRNA during ribosome assembly. 
 
Table 3.1: Student’s T-test t- and p-values for r-protein versus non-ribosomal 
protein amino acid compositions  
Amino Acid t value p-value Amino Acid t value p-value 
R -97.1799 <2.2E-16 A 18.108 <2.2E-16 
K -73.3892 <2.2E-16 G 29.7693 <2.2E-16 
D 50.0238 <2.2E-16 I 15.1429 <2.2E-16 
E 21.5102 <2.2E-16 L 39.5623 <2.2E-16 
C 33.0062 <2.2E-16 M -34.1058 <2.2E-16 
H 0.6247 0.5324 P 25.6719 <2.2E-16 
N -0.7973 0.4256 V -11.153 <2.2E-16 
Q 1.4545 0.1464 F 24.9831 <2.2E-16 
S 3.5322 0.0004464 W 1.9867 0.04745 
T 6.2902 6.44E-10 Y 8.8681 <2.2E-16 





Figure 3.1: Student’s T-test shows significant differences between ribosomal and 
non-ribosomal proteins. (a) Average amino acids compositions found in ribosomal 
proteins (purple) and non-ribosomal proteins (grey) samples. Asterisks indicate a 
statistically significant difference between the two averages; error bars are ±σ. (b): T-
values from Student’s t-tests for the amino acids compositions with significant difference 
between the two groups. The magnitude of the bar represents the relative difference 
between the two means and the direction of the bar (up or down) indicates which protein 
sample contains the larger proportion of that residue. A positive T-value indicates a 
higher proportion of that residue found in the non-ribosomal sample, whereas a negative 




Figure 3.1b shows the magnitude and direction of the significant differences in 
the amino acid distributions for the two samples of proteins, represented by their t-test 
values. The height of the bar represents the relative difference in the sample means and 
its direction indicates which protein sample contains the larger proportion of that residue. 
Positive T-test values indicate a higher proportion of that residue was found in the non-
ribosomal sample, whereas negative values correspond to a higher percentage in r-
proteins. It is well documented that ribosomal proteins contain high levels of these 
positively charged residues, and the marked difference shown here clearly implicates an 
important electrostatics feature of r-proteins in contrast to proteins whose functions do 
not rely heavily on charge-charge interactions [48,81,82]. This result solidifies our earlier 
observation [48] that ribosomal proteins have higher proportions of positively charged 
residues and that the assembly between ribosomal proteins and rRNA includes an 
important electrostatic component, a notion that has also been suggested by other studies 
[134]. It is evident that these amino acids play an important role in the assembly process, 
attracting positively charged r-proteins to negatively charged rRNA across possibly long 
distances to initiate the assembly process. While this line of reasoning is not novel, the 
overwhelming significance of positively charged residue content indicates our amino acid 
composition database imparts a rational view of r-protein make-up, and provides the 
foundation for the rest of the current study. This observation prompted further 
investigation into the large database of r-protein sequences, particularly with regard to the 
roles of these amino acids in the electrostatics component of ribosome assembly.   
Because increased temperature is known to denature and destabilize biological 
molecules, yet thermophilic bacteria synthesize and assemble ribosome components that 
maintain functionality at consistently high environmental temperatures [21,133], we 
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analyzed r-protein amino acid composition to test whether the amino acid make-up plays 
a role in the thermostability of the r-proteins. To this end, we utilized a comparative 
approach where association was tested between the growth temperature preferences of a 
large number of thermophilic and mesophilic bacterial species and the proportion of each 
amino acid in the r-protein sequences, specifically focusing on amino acid compositional 
differences associated with thermophilicity. We obtained three types of information for 
the 560 species in our database: growth temperature preference data, 30S ribosomal 
protein sequences from at least one r-protein, and 16S ribosomal DNA sequences (to 
determine species relatedness). The vast majority consisted of mesophiles and only 40 
were identified as thermophiles. Phylogenetic analysis of these species indicated that 
thermophiles are not evenly distributed in the bacterial phylogenetic tree: they tended to 
cluster in several branches, especially in the orders Aquificales, Thermoanaerobacterales, 
and Thermotogales.   
The phylogenetic clustering of thermophiles in our sample necessitated us to 
employ a method to control for the phylogenetic dependence and avoid bias when 
assessing the association between growth temperature preference and ribosomal amino 
acid composition. Because closely related samples are expected to show similar traits 
such as amino acid composition and growth temperature preference, a significant 
association can simply be a result of phylogenetic relatedness rather than adaptation to 
similar environmental conditions. To circumvent this problem, we applied Phylogenetic 
Independent Contrast (PIC [135,136]), which assesses the statistical significance of 
correlations between variables while controlling for the phylogenetic relatedness among 
samples. In this way, a significant correlation implies that the differences in amino acid 
composition between thermophiles and mesophiles are due to adaptation to different 
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temperature environments and not due to mere species relatedness. It should be noted, 
however, that PIC is conservative, because it fails to detect significant adaptive changes 
that accompany significant phylogenetic dependence. 
PIC analyses revealed that, at the level of the entire 30S subunit, thermophiles are 
comprised of significantly lower proportions of polar serine (S) and threonine (T) 
residues and higher proportions of positively charged arginine (R), nonpolar isoleucine 
(I), and aromatic tyrosine (Y) (according to at least one statistical significance test at α = 
0.01; see Methods for a description of statistical tests). Table 3.2 lists the statistical 
values for each residue. These proportions are shown in Figure 3.2. Other differences in 
mean values between the two groups, though they may appear somewhat large, are not 
significant according to sign test or t-tests. These results are largely consistent with other 
thermostability studies (reviewed in Ref. [121]), which have identified an increase in R 
and Y levels and a decrease in C and T levels in thermophiles. It is worth mentioning that 
a seeming discrepancy in our report merely involves similar but different polar residues: 
we report a significant difference in serine (CH2OH side chain) instead of cysteine 
(CH2SH side chain), as found in other studies. The general trends we observed via PIC 
also match previous thermostability reports: thermophiles contain significantly higher 
proportions of positive residues and lower proportions of polar residues than mesophiles 
(at α = 0.01). These tendencies likely reflect the need for stronger interactions at higher 
temperatures [121,123,125]. On the other hand, no significant directional biases were 








Table 3.2: Statistical test results for mesophile/thermophile amino acid composition 
differences  
Amino Acid t-test p-value Sign test  p-value 
R 1.08866 0.28758 0.00127 
K 1.44088 0.1631 0.15587 
D -1.63299 0.11609 0.08767 
E 1.63299 0.11609 0.04126 
C -2.44949 0.02234 0.15587 
H 0 1 0.29756 
N -0.816497 0.42259 0.32236 
Q -1.63299 0.11609 0.15587 
S -4.89898 5.99E-05 2.86E-06 
T -3.26599 0.0034 0.04126 
A -0.54433 0.59145 0.15587 
G -2.44949 0.02234 0.01605 
I 3.26599 0.0034 0.04126 
L 0 1 0.29756 
M -1.63299 0.11609 0.15587 
P 1.95959 0.06227 0.01605 
V -0.9798 0.33738 0.15587 
F 0 1 0.2338 
W 0 1 0.29756 
Y 2.44949 0.02234 0.00507 




Figure 3.2: R-protein amino acid compositions exhibit typical thermostability 
differences. Thermophilic r-proteins (red) contain higher percentages of Arginine (R), 
Isoleucine (I), and Tyrosine (Y), and lower percentages of Serine (S) and Threonine (T) 
than mesophilic r-proteins (blue). These differences are generally consistent with typical 
differences among thermophilic and mesophilic proteins and are estimated to function in 
the thermostability of the protein. In the box-and-whisker representation, the lower and 
upper circles represent the 5th and 95th percentiles, respectively, and the lower and upper 
whiskers the 10th and 90th. The colored regions mark the middle 50% of the samples (25th 
to 75th percentile), with a solid line representing the median and a dotted line the mean. 
Asterisks mark the amino acids that show a statistically significant difference between 






3.2.2. Positively charged residues correlate with protein size but not binding 
order 
Because primary binding proteins bind to the bare, negatively charged RNA 
during ribosomal assembly and the binding electrostatics of subsequent proteins might 
differ due to the presence of already-bound r-proteins, one might expect that primary r-
proteins have higher proportions of positive residues than secondary and tertiary proteins 
(which are unlikely to bind before primary proteins) or that primary proteins may have 
higher net positive charges. Correlations with respect to protein assembly order between 
the proportion of positive residues and the net charges on the proteins were tested. 
However, we did not find evidence for higher proportions of positive charges in primary 
proteins, as shown in Figure 3.3a. Student’s t-test comparing the mean proportions of 
positive residues between primary and secondary/tertiary r-proteins was not significant 
(t15 = -0.207, two-tailed p = 0.839), suggesting that binding order is not influenced by 
fractions of positively charged amino acid of r-proteins. Statistical tests of association 
between net charge and binding order also revealed no observable correlation 
(Spearman’s Rank correlation ρ = 0.190; Figure 3.3b). Figure 3.4 shows a visualization 
of (a) proportion of positive charges and (b) net charges according to protein binding 
order. Because no relationship between the order in which r-proteins attach to the rRNA 
during assembly (primary versus secondary versus tertiary) and the content of positive 
residues or the total protein charge was detected, it is likely that binding order is 
governed by mechanisms other than simple electrostatics interactions with the RNA, 
possibly the availability of the binding sites on RNA. 
To determine whether increased temperature affects the relative proportions of 
amino acids in bacterial r-proteins regarding binding order, we analyzed the amino acid 
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compositions according to species optimal growth temperature (see Methods). For 
positive residues (Figure 3.3a), all r-proteins except S11 showed higher mean percent 
residues in thermophiles than mesophiles, whereas for polar residues, see Panel A in 
Figure 3.5, all thermophilic proteins showed lower mean percent residues than their 
mesophilic counterparts. This suggests that the preference of positive residues at the 
expense of polar residues among thermophiles applies nearly universally to all r-proteins 
of the 30S subunit, as has also been evidenced in other protein families [123]. However, 
only some r-proteins, including all primary binding proteins, tended to show statistically 
significant differences between the two temperature-based groups for positive residues 
(Figure 3.3a). Few proteins showed statistical differences for other categories, according 
to no discernible pattern (Figure 3.5). Table 3.3 provides summaries of statistical test 
results. These trends suggest that thermophiles tend to prefer positive residues and avoid 
polar residues across all r-proteins, and this trend is somewhat pronounced for primary 
binding proteins. Average net charges of individual r-proteins of thermophilic species are 
higher than mesophilic, except for S2, but only three proteins (S14, S17, and S20) show 
differences that are statistically significant according to PIC analysis (Figure 3.3b). See 







Figure 3.3: Percentage of positively charged residues correlates with protein size but 
net charges do not. All thermophilic r-proteins except S11 contain a higher percentage 
of positively charged residues than their mesophilic homologs (a), and, for some proteins, 
including all six primary proteins, this difference is statistically significant. R-proteins 
generally have a net positive charge (b), and thermophiles typically have a higher average 
charge than mesophiles. For three proteins, this difference is significant. The box-and-






Figure 3.4: Percentage of positively charged residues and net charges for mesophilic 
and thermophilic r-proteins, arranged according to binding order. This figure 
presents the same data as Figure 3.3, but more clearly shows that no relationship exists 
between binding order and percent of positive residues or net protein charge. The box-






Figure 3.5: Ribosomal protein composition summaries. Amino acid compositions for 
mesophilic (blue) and thermophilic (red) r-proteins according to chemical property: (a) 
polar, (b) negative, (c) nonpolar, and (d) aromatic residues. The box-and-whisker plots 
are represented as in Figure 3.2. Asterisks mark the r-proteins that show a statistically 





Table 3.3: Statistical test results for proportions of mesophile/thermophile amino 
acid residues by property 
R-protein t value t-test p Sign test p t value t-test p sign test p 
 Positively Charged Polar 
S2 3.688 0.001 0.013 -2.299 0.032 0.081 
S3 1.057 0.302 0.156 -2.297 0.031 0.156 
S4 2.378 0.027 0.002 -4.234 0.000 0.002 
S5 0.823 0.419 0.088 -1.873 0.074 0.156 
S6 1.725 0.099 0.036 -2.223 0.037 0.013 
S7 3.678 0.001 0.013 -3.116 0.005 0.003 
S8 3.714 0.001 0.001 -2.772 0.012 0.019 
S9 2.404 0.027 0.104 -2.248 0.037 0.192 
S10 2.327 0.081 0.063 -0.980 0.383 0.625 
S11 -0.156 0.884 0.625 -0.010 0.992 0.625 
S12 1.776 0.150 0.313 -0.599 0.581 0.625 
S13 2.819 0.048 0.063 -1.610 0.183 0.313 
S14 3.118 0.005 0.019 -2.604 0.017 0.019 
S15 3.116 0.005 0.019 -2.588 0.018 0.019 
S16 2.492 0.023 0.065 -2.198 0.042 0.065 
S17 4.223 0.001 0.001 -3.258 0.004 0.015 
S18 2.304 0.034 0.142 -0.892 0.385 0.334 
S19 3.380 0.003 0.052 -2.921 0.008 0.019 
S20 3.073 0.006 0.030 -1.004 0.328 0.240 
S21 -0.792 0.447 0.322 -1.140 0.281 0.451 
 Negatively Charged Nonpolar 
S2 0.050 0.961 0.308 0.031 0.976 0.308 
S3 0.912 0.371 0.156 2.073 0.050 0.088 
S4 1.047 0.306 0.058 -0.456 0.653 0.322 
S5 0.048 0.962 0.298 0.781 0.443 0.234 
S6 0.375 0.712 0.237 -0.216 0.831 0.308 
S7 0.332 0.743 0.308 0.748 0.463 0.308 
S8 0.612 0.548 0.336 -1.216 0.238 0.194 
S9 -0.067 0.947 0.352 1.129 0.274 0.192 
S10 -0.735 0.503 0.313 -0.559 0.606 0.313 
S11 -1.818 0.143 0.313 -1.794 0.147 0.313 
S12 0.302 0.778 0.625 -1.819 0.143 0.313 
S13 -0.304 0.776 0.313 1.040 0.357 0.625 
S14 -1.448 0.163 0.194 0.599 0.556 0.194 
S15 0.549 0.589 0.111 -0.970 0.344 0.280 
S16 -0.320 0.753 0.371 0.838 0.414 0.243 
S17 0.429 0.673 0.288 0.666 0.514 0.288 
S18 -1.547 0.140 0.142 0.036 0.972 0.334 
S19 -0.554 0.586 0.336 1.173 0.255 0.111 
S20 -0.624 0.540 0.240 -0.607 0.551 0.352 
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Table 3.3: Statistical test results for proportions of mesophile/thermophile amino 
acid residues by property 
R-protein t value t-test p Sign test p t value t-test p sign test p 
S21 0.105 0.919 0.451 1.064 0.312 0.451 
 Aromatic    
S2 1.733 0.098 0.036    
S3 -2.081 0.049 0.016    
S4 2.140 0.044 0.322    
S5 0.477 0.638 0.322    
S6 2.296 0.032 0.081    
S7 -0.660 0.517 0.308    
S8 -0.597 0.557 0.280    
S9 -0.014 0.989 0.288    
S10 1.814 0.144 0.313    
S11 1.592 0.187 0.313    
S12 1.646 0.175 0.063    
S13 1.130 0.322 0.313    
S14 3.050 0.006 0.111    
S15 0.671 0.510 0.336    
S16 -1.284 0.216 0.243    
S17 0.917 0.371 0.288    
S18 0.273 0.788 0.243    
S19 -0.347 0.732 0.280    
S20 1.953 0.066 0.240    





Table 3.4: Statistical test results for mesophile/thermophile r-protein net charges  
R-protein t value t test p sign test p 
S2 1.846 0.079 0.081 
S3 0.684 0.501 0.234 
S4 1.020 0.319 0.322 
S5 0.414 0.683 0.298 
S6 0.658 0.518 0.237 
S7 2.123 0.046 0.036 
S8 1.524 0.143 0.052 
S9 0.983 0.339 0.044 
S10 1.665 0.171 0.313 
S11 0.977 0.384 0.313 
S12 1.484 0.212 0.313 
S13 2.696 0.054 0.063 
S14 3.374 0.003 0.019 
S15 1.570 0.132 0.280 
S16 1.785 0.092 0.065 
S17 2.535 0.021 0.004 
S18 1.346 0.196 0.243 
S19 2.165 0.043 0.111 
S20 3.493 0.002 0.009 
S21 -0.581 0.574 0.451 
Note: red values indicate significance at α=0.01. 
 
 
Upon analyzing the data shown in Figure 3.3a, we noticed a second general trend: 
increasing percentage of positively charged residues from S2 to S21. Because r-proteins 
are named in order of decreasing size, this relationship appears to be between positive 
charges and protein length. We have already shown the high incidence of positively 
charged residues is an important feature of all ribosomal proteins, and here we find that 
smaller proteins tend to have higher proportions of them. Interestingly, this relationship 
appears to be due to lysine content rather than arginine content, as shown in Figures 3.6 
and 3.7 and summarized in Table 3.5 (Spearman’s rank correlation ρ = -0.802, p = 
2.60x10-5 for Lys, ρ = -0.484, p = 0.032 for Arg). This result is intriguing, as it provides 
evidence that amino acids usually considered chemically equivalent are not necessarily 
used interchangeably in bacterial proteins. It hints at differential functions of chemically 
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similar residues, even in their roles in the electrostatics component of ribosome assembly. 
From the current study, it is unclear why Arg does not participate in this trend. We also 
identified a positive correlation between percent of glycine and increasing protein size 
(G; Spearman’s rank correlation, ρ = 0.657, p = 0.002), but none were detected for other 
residues. Neither was a correlation found between average net protein charge and average 
length (see Figure 3.3b; Spearman’s Rank correlation ρ = 0.239), indicating that this is 
truly an association involving only the content of the Lys residue. 
 
 
Figure 3.6: Proportion of lysine residues correlates with average protein length but 
Arginine does not. Lysine (a) shows a highly significant negative correlation with 
protein length (Spearman’s rank correlation: ρ = -0.802, p=2.60x10-5), whereas arginine 






Figure 3.7: Proportion of Lys and Arg as a function of average protein length. 
Another representation of the relationship depicted in Figure 3.6, this figure plots Lys 
proportion and Arg proportion against the average length of r-protein, showing the 
significant, strong inverse correlation with Lys and the weaker, insignificant correlation 
with Arg. 
 
Table 3.5: Spearman’s Rank Correlation (ρ, rho) and p-values between amino acid 
and r-protein length 
Amino Acid rho p Amino Acid rho p 
R -0.484 0.032 A 0.176 0.456 
K -0.802 2.60E-05 G 0.657 0.002 
D 0.072 0.763 I 0.236 0.315 
E 0.194 0.411 L 0.274 0.242 
C -0.128 0.590 M 0.235 0.318 
H -0.050 0.836 P 0.048 0.841 
N 0.513 0.022 V 0.290 0.214 
Q 0.200 0.396 F -0.122 0.608 
S -0.331 0.154 W 0.235 0.318 
T -0.038 0.876 Y -0.126 0.595 







3.2.3. R-protein RNA contact sites are enriched with positively charged 
residues  
We have just shown that r-proteins contain a significantly higher percentage of 
positively charged residues than other bacterial proteins, which is likely indicative of 
their importance in some fashion. If these positively charged residues are recruited for the 
purpose of assembly, one might expect them to be concentrated at the protein sites 
contacting rRNA. In our previous work, we used the X-ray crystal structures of 30S for 
two bacterial species, E. coli [PDB: 2AVY] [12] and T. thermophilus [PDB: 1J5E] [43], 
to identify contact residues as amino acids containing at least one atom within 3.5Å of 
any nucleic acid atom. We showed that these contact sites were indeed enriched with 
positively charged residues: 39% and 46% of contacts were made by positively charged 
residues for E. coli and T. thermophilus, respectively [48]. In order to see if such trends 
are true for bacterial species in general, in the current study we computed two descriptors 
of r-protein contact residue distributions. First, we calculated the amino acid composition 
at contacts between r-proteins with RNA across all r-proteins from all 560 species. This 
was calculated via Rc/C, where Rc is the number of contacts made by a given amino acid 
and C is the estimated number of total contacts with RNA in the fully assembled 30S 
subunit (see Methods). These proportions are depicted in Figure 3.8a and clearly show 
the elevated representation of positive residues at r-protein contact sites: on average, over 
a third of contacts are made by positively charged residues (34% for the sum of R and K 
in thermophiles and 36% in mesophiles). Although the mean percent of positive residues 
as contacts is higher in thermophile than in mesophiles, PIC analysis reveals the 
difference is not statistically significant. This is in contrast to the overall amino acid 
composition between mesophiles and thermophiles, for which the percent of R present in 
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thermophiles is statistically different from that in mesophiles. Other differences between 
mean proportions of contact residue identities in mesophilic and thermophilic r-proteins 
are similar to or only slightly different from the overall distribution of amino acids (as 
seen Figure 3.2), with few exceptions. Student’s t-tests and sign tests, provided in Table 
3.6, revealed there were no statistically significant differences between the mean 
proportions for any residue at contact sites between mesophilic and thermophilic proteins. 
This is especially interesting because the overall proportion of mesophilic and 
thermophilic r-proteins differ in the residues R, I, Y, S and T—but these differences do 
not carry over into the identities of contact residues. 
 
Table 3.6: Statistical test results for mesophile/thermophile CEF differences 
Amino  
Acid t value t-test p sign test p 
Amino  
Acid t value t-test p sign test p 
R 0.980 0.337 0.234 A -1.225 0.233 0.156 
K 1.866 0.075 0.298 G -0.980 0.337 0.298 
D -0.445 0.660 0.298 I 1.225 0.233 0.298 
E -2.449 0.022 0.041 L -0.544 0.591 0.234 
C -1.225 0.233 0.156 M 0.000 1.000 0.234 
H -0.490 0.629 0.088 P 0.000 1.000 0.298 
N -1.633 0.116 0.234 V 0.000 1.000 0.298 
Q -1.837 0.079 0.088 F -0.816 0.423 0.234 
S -1.633 0.116 0.298 W 1.225 0.233 0.041 
T -0.445 0.660 0.298 Y 2.177 0.040 0.088 
Note: red values indicate significance at α=0.01. There is no significant difference for these 
amino acids, hence no red text. 
 
 
We further define a Contact Enrichment Factor (CEF) as the ratio between the 
percent of a given amino acid located at contact sites and the total amount of that residue 






                                                                              (1) 
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where L is the length of the protein (total number of residues), C is the estimated number 
of residues in contact with RNA in the fully assembled 30S subunit (see Methods), Rt is 
the total number of residues of a specific type (e.g. alanine (A) or serine (S)), and Rc is 
the number of contact residues of said type. CEF is closely related to the proportions of 
contact residues already reported (the numerator, Rc/C, is the proportion of each residue 
as a contact, as described above), but CEF is not a redundant calculation, as it gives a 
broader measure of the role each amino acid plays in r-proteins. By comparing the 
fraction of a particular amino acid as a contact residue to its proportion in the total 
protein, CEF describes the distribution of each amino acid throughout the protein, 
revealing how often each residue is used as a contact site as a function of how often it 
occurs in the protein. Thus, a CEF value of 1 indicates that the residue under 
investigation appears at contact sites in the same percentage as it appears in the overall 
sequence, whereas CEF>1 implies that the residue has a high occurrence at the RNA 
contact interface for the proportion of that residue in the full protein. 
We calculated CEF values of the r-proteins in all 560 species (Figure 3.8b). One-
sample t-tests revealed that CEF values significantly deviated from one (two-tailed p < 
0.01) for all the amino acids except for glycine, indicating that the distribution of amino 
acids in r-proteins is influenced by the interaction with rRNA. The results revealed that 
the mean contact enrichment factors were greater than 1 for positively charged residues 
and polar residues excluding cysteine (C). CEF values were less than 1 for negatively 
charged and non-polar residues. These observations indicate that contact sites are 
generally enriched with positive and polar residues, which can form charge-charge or 
hydrogen bonding interactions, but are deficient of negative and non-polar residues, 
which might produce energetically unfavorable interactions with the rRNA. Contact 
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enrichment factors for aromatic residues, which could participate in base-stacking with 
the rRNA nucleotides, were split: phenylalanine (F) CEF was less than 1, whereas CEF 
for tryptophan (W) and tyrosine (Y) were greater than 1. It is worth noting that W and Y 
are both capable of hydrogen bonding, which could explain their preference at contact 
sites, but F is completely hydrophobic and is often found buried inside water-soluble 
proteins.  
For the five amino acid chemical categories, the CEF for positively charged 
residues is the greatest, followed by polar residues, and those for negatively charged and 
nonpolar are lowest. This demonstrates that protein residues that contact rRNA tend to 
(1) carry a formal positive charge or contain a polar side chain and (2) avoid negatively 
charged or nonpolar residues. Therefore, not only do r-proteins contain a higher level of 
positively charged residues than non-ribosomal proteins, these residues are concentrated 
at rRNA contact sites. These general patterns reflect the role of positively charged 
regions of r-proteins in associating with the negatively charged rRNA during ribosomal 
assembly. 
To test whether r-protein-rRNA interaction is different between mesophiles and 
thermophiles due to their differing overall amino acid compositions (as seen in Figure 
3.2), we compared the CEF values between the two groups (Figure 3.5b), the statistics of 
which are summarized in Table 3.7. PIC indicated that most of those differences are not 
statistically significant (p > 0.01, Student’s t-test and sign test) except for glutamic acid 
(Glu, E; Figure 3.5b), which occurs at contact sites in one of the lowest proportions for 
both mesophiles and thermophiles (mean CEF = 0.43 and 0.37 for mesophiles and 
thermophiles, respectively), but is nonetheless statistically more common at mesophilic 
contact sites than thermophilic. Glu is not found in significantly different amounts in the 
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overall composition of mesophilic and thermophilic r-proteins, and further investigation 
into Glu’s roles in the assembly process or thermostability in general might better explain 
this observation. The combination of significant thermostability-related differences in 
amino acid compositions (increased R, I, Y and decreased S, T for thermophiles) with no 
significant difference in the distribution of those amino acids at r-protein contact sites 
supports the understanding that the electrostatics component of ribosome assembly is not 
dependent on temperature, because the identity of thermophilic contact sites is 
statistically no different than that of mesophilic sites. This seems reasonable because 
other molecular interactions such as hydrogen bonding and hydrophobic interactions are 
sensitive to temperature, but the electrostatic interaction itself is independent of 
temperature, which likely explains why we observed similar amino acid residue 




Figure 3.8: Generally, contact residue identities are not statistically different 
between mesophiles and thermophiles. (a) R-proteins show reasonable distributions of 
amino acids at contact sites: positively charged and polar residues are likely to interact 
with the negatively charged rRNA, so high CEF are expected. A CEF > 1 indicates a high 
prevalence for that amino acid to be located at a contact site; a CEF < 1 indicates a 
deficiency; a CEF ~ 1 indicates no preference for that amino acid to be located at contact 
versus non-contact sites. Asterisks indicate the residues whose CEF deviate significantly 
from 1 (Student’s t-test, α=0.01). The box-and-whisker plots are represented as in Figure 
3.2. (b) CEF for the amino acids at the estimated rRNA contact sites for mesophilic 
(blue) and thermophilic (red) r-proteins. Only glutamic acid, E, shows a CEF mean that is 
statistically different between mesophiles and thermophiles. This is an intriguing finding, 





Table 3.7: Statistical test results for mesophile/thermophile Rc/C values 
Amino 
Acid t value p-value sign test p 
Amino 
Acid t value p-value sign test p 
R -0.188 0.852 0.156 A -0.548 0.589 0.234 
K 0.427 0.673 0.298 G 0.828 0.416 0.041 
D 0.357 0.724 0.234 I 0.265 0.794 0.298 
E -3.418 0.002 0.016 L -0.243 0.810 0.234 
C -0.089 0.930 0.298 M 0.719 0.480 0.234 
H -0.516 0.611 0.088 P -1.009 0.324 0.156 
N -0.667 0.511 0.156 V 0.624 0.539 0.234 
Q -0.457 0.652 0.088 F -0.757 0.457 0.298 
S 2.203 0.038 0.041 W 1.091 0.287 0.156 
T 2.136 0.044 0.298 Y 0.904 0.375 0.298 




Utilizing a comparative approach to analyze a large database of r-protein 
sequences has identified a number of important associations between the amino acid 
composition of r-proteins and their function in ribosomal assembly. We found that r-
proteins have a significantly higher content of positively charged residues than do non-
ribosomal proteins (10% for arginine and 11% for lysine in r-proteins, versus 4.7% and 
5.9%, respectively, in non-ribosomal proteins), which agrees with previous analyses of r-
protein charges. More specifically, these two residues are also highly represented at 
contact sites along the protein/RNA interface (contact enrichment factor (CEF) > 1) for 
all species in the study, alluding to the significance of electrostatic interaction in 
ribosome assembly. These results agree with and improve our previous r-protein study by 
statistically extending the same trends across a large sample of bacteria. Interestingly, we 
found that the percentage of lysine residues generally increases with decreasing r-protein 
size, but the same correlation is not found with arginine, despite its similar positively 
charged side chain. Taken together, these results corroborate the heavy emphasis on 
electrostatic interactions in the assembly mechanism of the ribosome. However, 
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association between r-protein binding order (primary, secondary, and tertiary) was not 
detected for the proportion of positively charged residues (or Lys or Arg alone) or for net 
protein charge. This leads to the conclusion that the order in which r-proteins bind to their 
binding sites during assembly is probably not determined by the electrostatics 
interactions between r-proteins and rRNA. Although the assembly between r-proteins 
with rRNA involves an overwhelmingly significant portion of electrostatic interaction, 
this interaction alone does not govern the assembly order.   
The thermostability aspect of the study, performed by comparing amino acid 
compositions and distributions between species with high and low preferred growth 
temperature, revealed two noteworthy characteristics of 30S ribosomal proteins. First, we 
found that thermophiles show increased R, I, and Y content, whereas mesophiles have 
increased proportions of S and T, trends that are generally consistent with previously 
reported distinctions between thermophilic and mesophilic amino acid compositions 
[121]. Second, while these differences in overall make-up are significant, they do not 
extend to the predicted contact sites in thermophilic and mesophilic r-proteins. That is, 
the proportions of residues at contact sites are generally not significantly different 
between the two groups. Whereas the percent compositions of amino acids relating to 
qualities such as thermostability and protein folding are expected to vary with 
environmental temperature, our results indicate that the distributions of residues in 
contact with rRNA are comparable for all bacterial species. If the regions of r-proteins 
that contact rRNA in the fully assembled ribosome are considered “active sites” for the 
assembly process, it follows that they should be as highly conserved as the ribosome and 
its function themselves. In accordance, from the results of the current study, we conclude 
that the electrostatics component of ribosome assembly, while it is not the only 
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interaction involved during assembly, is an important attraction between r-proteins and 
rRNA, but this component of interaction is insensitive to the temperature. The latter 
conclusion is reasonable because the electrostatics interaction itself does not depend on 
temperature.  
Therefore, we conclude from our statistical analysis: binding order does not 
appear to depend on the amount of electrostatic attraction experienced by primary binders 
versus secondary or tertiary binders, and the electrostatics interactions of ribosome 
assembly do not seem to control the discrepancy between mesophilic temperature-
sensitive and thermophilic high-temperature-stable constructs. The particular molecular 
factors that govern the timing and order of r-proteins binding with rRNA and that 
contribute to the temperature sensitivity of ribosomes assembled in species that live at 
different temperatures remain to be determined. 
 
3.4. Methods 
3.4.1. Study samples  
The study required three pieces of information for each of 560 bacterial species: 
growth temperature preference (mesophilic or thermophilic), amino acid composition 
data based on amino acid sequences of 30S ribosomal proteins, and 16S ribosomal DNA 
sequences for the phylogenetic tree construction required for PIC. We only included 
species with all three pieces of information publicly available. Estimates of the growth 
temperature preference of studied species were searched based on the species name and 
obtained from various sources in the public domain. Initially, species were categorized 
into four growth temperature preference types; cryophiles (e.g., high latitude, altitude 
habitats, ocean floor, < 10°C), lower mesophiles (ambient conditions, 10-35°C), upper 
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mesophiles (e.g., mammalian body, 35-50°C), and thermophiles (e.g., deep see thermal 
vents, hot springs, >50°C). Examination of the distribution of amino acid composition 
based on these four categories indicated that the distributions of the first three categories 
were often similar to each other but markedly different from that of thermophiles, 
particularly for positive and polar residues. Therefore, we combined species in the first 
three categories and conducted subsequent analyses using only two categories; 
mesophiles (<50°C) and thermophiles (>50°C).  
3.4.2. 30S ribosomal protein sequences  
Amino acid sequences for the S2-S21 30S ribosomal protein were queried and 
downloaded from Genbank (http://www.ncbi.nlm.nih.gov/) using the search term "30S 
ribosomal protein". Protein S1 was excluded from the analysis, as in many other 30S 
ribosomal protein studies, because it binds relatively weakly to the 30S complex and 
exchanges very rapidly during protein assembly [137]. The queried sequences were 
aligned using the T-coffee multiple alignment program [138] 
(http://www.tcoffee.org/Projects_home_page/t_coffee_home_page.html) using default 
alignment settings. We filtered out potentially spurious sequences that 1) were unusually 
short or long and 2) had unusually low T-coffee alignment scores, which might indicate 
poor sequence quality or incorrect genes. When multiple sequences from the same 
species were available, we chose the one with the highest alignment score. Gaps and 
missing sequences were ignored in the subsequent analyses.  
3.4.3. Non-ribosomal protein sequences 
To compare the amino acid proportions of ribosomal and non-ribosomal proteins, 
we analyzed protein sequences of 15 house-keeping protein families that are functionally 
well-defined and distinct from each other: adenylate kinase, carbamoyltransferase, 
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carboxypeptidase, citrate synthase, ferredoxin, glutamate dehydrogenase, 
glycosyltransferase, inorganic pyrophosphatase, methionine aminopeptidase, 
phosphofructokinase, phosphoglycerate kinase, reductase, rubredoxin, triose phosphate 
isomerase, xylanase. Their sequences were queried and downloaded from Genbank by 
using each protein name along with the name of each of the 560 species used for the 
ribosomal proteins analyses as search terms. Table 3.8 details the number of species for 
each protein family used in this study. The first sequence returned in each search was 
used for the analyses. When no sequence was available for a given species, the species 
was omitted from the analysis for that protein. Student’s paired sample t-test was 
performed to test the equality of the amino acid distributions between ribosomal and each 
non-ribosomal protein.  
Adenylate kinase plays an important role in maintaining the level of ATP in 
bacteria by catalyzing the reversible reaction  2𝐴𝐷𝑃 ↔ 𝐴𝑇𝑃 + 𝐴𝑀𝑃 [139]. Inorganic 
pyrophosphatase enzymes regulate the level of free phosphates available to the cell via 
the energetically favorable hydrolysis of the inorganic phosphate anhydride (PPi) bond 
[139]. Glycosyl transferase is a highly conserved enzyme unique to bacteria which helps 
synthesize the peptidoglycan cell wall in Gram positive organisms [140]. 
Carboxypeptidase and Methionine aminopeptidase are families of enzymes which 
hydrolyze peptide bonds: at the carboxyl terminus of a polypeptide and by cleaving the 
amino terminal methionine residue, respectively [139]. Glutamate dehydrogenase 
participates in a number of highly regulated metabolic pathways, including both carbon 
and nitrogen fixation, and catalyzes the interconversion between glutamate and α-
ketoglutarate, using either NAD+ or NADP+ as an acceptor [139]. Xylanase refers to a 
family of enzymes which work to break glycosidic bonds of a plant-based polysaccharide 
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called xylan, which often contains high levels of the monosaccharide xylose [141]. 
Phosphofructokinase (PFK), phosphoglycerate kinase, and triose phosphate isomerase are 
three classes of enzymes primarily known for their roles in glycolysis. PFK and 
phosphoglycerate kinase catalyze the transfer of a phosphate group between ATP and 
their metabolic substrates: fructose 6-phosphate and bisphosphoglycerate, respectively. 
Triose phosphate isomerase converts dihydroxyacetone phosphate to glyceraldehydes 3-
phosphate in the last step in the preparatory phase of glycolysis [139]. Citrate synthase 
catalyzes the exergonic first step of the Citric Acid Cycle by hydrolyzing acetyl 
Coenzyme A (CoA) to form citrate and free CoA [139]. Ferredoxin [142] and rubredoxin 
[143] are non-heme iron-based enzymes which function in electron transport pathways, 
including hydrogen production, nitrogen fixation, sulfur reduction, and photosynthesis. 
Reductase is a general term for an enzyme which catalyzes a reduction reaction, and 
carbamoyltransferase catalyzes the transfer of a carbamoyl group, often between 







Table 3.8: Protein families under investigation. 
Protein Family 
Number  
of Species Protein Family 
Number 
of Species 
Adenylate kinase 546 Methionine aminopeptidase 544 
Carbamoyltransferase 527 Phosphofructokinase 445 
Carboxypeptidase 533 Phosphoglycerate kinase 542 
Citrate synthase 440 Reductase 551 
Ferredoxin 538 R-proteins 560 
Glutamate dehydrogenase 500 Rubredoxin 272 
Glycosyltransferase 540 Triose phosphate isomerase 385 
Inorganic pyrophosphatase 508 Xylanase 263 
 
3.4.4. Determination of ribosomal protein-RNA contact sites and protein net 
charge 
The r-protein/rRNA contact sites were obtained from the E. coli [12] [PDB: 
2AVY] and T. thermophilus [43] [PDB: 1J5E] 30S x-ray crystal structures, accessed from 
the Protein Data Bank [97]. Using a code written in our own group as described in our 
previous r-protein study [48], any atom on a protein residue within 3.5Å of any atom on a 
16S rRNA nucleotide is considered a contact point. A contact residue is a protein residue 
that makes at least one contact point with any RNA nucleotide. The identity and position 
of these contact residues found in the assembled 30S subunit were recorded and used for 
further analysis. Because the rRNA contact sites of E. coli and T. thermophilus are not 
always conserved, we designated rRNA contact sites of all the studied species based on 
the shared contact sites between these two reference species. These contact sites, 
therefore, should be considered conservative. Protein net charge was calculated according 
to the formula [(K + R) – (D + E)], where (K+R) represents the number of lysine and 
arginine residues (positively charged) and (D+E) represents the number of aspartic acid 
and glutamic acid residues (negatively charged). All other residues are considered 




3.4.5. 16S rDNA sequences and phylogenetic tree construction  
To construct a phylogenetic tree required for PIC, we queried bacterial 16S rDNA 
sequences based on the species name from Greengenes database (greengenes.lbl.gov), 
which curates and aligns publicly available prokaryotic 16S ribosomal RNA gene 
sequences. Based on the sequence alignments from Greengenes, we constructed a 
majority-rule consensus phylogenetic tree of the studied species using MrBayes [144] 
(http://mrbayes.sourceforge.net), which uses Markov Chain Monte Carlo (MCMC) 
methods to estimate Bayesian inference of evolutionary relationships. We used Modeltest 
[145] to search for a nucleotide substitution model that fit our dataset and selected 
GTR+G (General Time Reversible with gamma-shaped rate variation among sites) with a 
flat Dirichlet prior probability density, evaluated based on Akaike Information Criterion 
(AIC).  
3.4.6. Phylogenetic Independent Contrast (PIC) 
To assess the association between growth temperature preference of bacterial 
species and their amino acid composition using PIC, we used the AOT module of 
Phylocom [146] (www.phylodiversity.net/phylocom/), incorporating the branch lengths 
in the Bayesian tree. Each protein contained an overlapping but different set of species 
sequences from other proteins. Therefore, when proteins are analyzed separately for PIC, 
the original phylogenetic tree was pruned using the 'sampleprune' module of Phylocom to 
filter out missing species. When a binary trait is involved in a PIC analysis (as for growth 
temperature preference in this study, i.e., mesophile or thermophile), AOT identifies 
independently contrasting tree nodes based on a combination of both the sister-taxa (ST) 
set and the paraphyletic (PT) set, and calculates trait correlations using these independent 
contrasts. Significance of independent contrasts was tested using two separate tests; t-test 
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and sign test. In t-test, the mean and standard deviation of the contrasts were used to 
conduct a one-sample t-test with degree of freedom of N (number of contrasts) - 1 against 
the null hypothesis of mean = 0. In sign test, binomial probabilities were calculated for 
the number of contrasts toward one direction against the total number of contrasts.  
3.4.7. Statistical tests  
Student’s paired-sample and one-sample t-tests, Pearson's product-moment and 
Spearman’s rank correlations, Pearson’s χ2 tests, and descriptive statistics including box 
plots were calculated using PASW Statistics18 (IBM, New York, NY) and R 
(http://www.r-project.org/). Two-tailed Fisher's exact tests were conducted using the 
Fisher's exact test Excel Addin (http://www.obertfamily.com/software/fisherexact.html). 
Effect size of Fisher’s exact tests was estimated using the ϕ2 coefficient (ϕ2 = √ (χ2/N), 








Ribosomes are the transient macromolecular machines that synthesize proteins in 
all living organisms. They are composed of ribosomal RNA (rRNA) and ribosomal 
proteins (r-proteins), which form two asymmetrical subunits: in bacteria, the larger 50S 
and the smaller 30S. This study focuses on the assembly of the 30S subunit, which is 
comprised of 20 r-proteins and one 16S rRNA molecule. The efficient and accurate self-
assembly of a ribosome in vivo is essential because new proteins, and thereby new 
ribosomes, must be produced in order for cell metabolism, growth, and division to occur. 
As an important and common event throughout the life of a cell, the assembly of a 
ribosome is subject to intricate regulation and assistance by external factors [13,14]. 
Interestingly, however, studies have also shown that functional 30S subunits can be 
reconstituted from their purified protein and RNA components in vitro [15,16]. This 
intrinsic ability indicates that the necessary information for the attachment of each r-
protein to its unique RNA binding site is programmed into the molecules themselves, a 
phenomenon which has made possible decades of assembly analyses. 
Experimental and computational achievements in the field have revealed that the 
assembly of ribosomal components requires the orchestration of cooperative rRNA 
folding and r-protein binding. A general binding order for 30S r-proteins has been 
proposed [22], and it has been shown that 30S assembly can follow a number of 
pathways rather than proceed through a single rate-limiting step [37]. It has also been 
shown that 16S rRNA consistently folds into regular, structured domains [147], yet 
evidence has been presented indicating conformational flexibilities in rRNA and r-
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proteins during the process of assembly [25,28,48-50,58]. This indicates that the r-
proteins, rRNA, or both are at least partially unfolded at the start of the binding event and 
are stabilized into their native 30S structures upon folding and creating the remaining 
contacts. However, the precise mechanisms that govern the specific protein-RNA 
interactions and allow for quick, accurate folding and assembly are poorly understood. 
Electrostatic interactions play an important role in the assembly process [148], 
particularly at long ranges, yet are not entirely responsible for the specific binding of 
each protein. Previous studies have suggested binding mechanisms that account for the 
apparent induced fit of transient interactions between protein and RNA, which guide 
assembly toward a native-like state. For example, in the structure capture model [149], 
suggested for 30S r-protein S15 [150], flexible RNA helices are stabilized by tertiary 
interactions with a relatively stable protein, whereas fly-cast binding [151,152] involves a 
flexible, disordered protein domain binding with its RNA partner via an extended capture 
radius, as has been proposed for S4 and S20 [50].  
The present work aims to shed light on the structurally dynamic nature of 30S 
proteins, looking in particular for the solution structures that would be available during 
assembly, as well as for possible contributions to binding mechanisms. We present a 
systematic search of the conformations available to each r-protein via molecular 
dynamics simulations of each 30S protein starting from its bound conformation. 
Additionally, the 30S protein structures currently available in the Protein Data Bank 





4.2. Results and Discussion 
4.2.1. Simulations of 30S-bound R-protein Structures 
Proteins were isolated from the X-ray crystal structures of the assembled 30S 
subunit from E. coli (PDB ID 2AVY [12]) and Thermus thermophilus (PDB ID 1J5E 
[43]) and studied individually using molecular dynamics (MD) simulations as described 
in our previous study (See Ref. [48]). Thus, the structure as seen in the fully assembled 
30S subunit was used as the starting conformation and proteins were simulated for at 
least 100ns, a reasonable length of time to observe conformational changes for molecules 
of this size [153,154]. These simulations support two of our earlier observations [48]: 1) 
proteins that are embedded in the RNA are flexible in solution, and 2) protein residues 
that contact the 16S rRNA tend to be mobile relative to the rest of the protein. These 
results are discussed in further detail below. 
4.2.2. Flexible Portions of R-proteins are Embedded in the Assembled 30S 
A measure of protein structural movements, the root-mean-square deviation 
(RMSD) indicates how far the overall structure of the protein changes from its starting 
conformation as a function of simulation time. Figure 4.1 depicts the average RMSD 
values for each of the 20 r-proteins from E. coli and T. thermophilus: the height of the bar 
is the average RMSD over the full simulation and error bars indicate one standard 
deviation (±σ). Large RMSD averages indicate that the protein sampled conformations 
very different from the 30S-bound starting structure, and large standard deviations 
indicate that the protein alternated between numerous conformations throughout the 
simulation. In a previous study, we tabulated the total number of contact points between 
each 30S r-protein and the 16S rRNA [48], considering a contact to be made when any 
protein atom came within 3.5Å of any nucleotide atom. A significant correlation exists 
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between the average RMSD and the total number of contacts made by each protein 
(Pearson correlation of 0.598, p-value = 0.0068 for E. coli; correlation of 0.576, p-value 
= 0.0078 for T. thermophilus). Hence, these results support our earlier observation that 
proteins which deviate in simulation from the 30S-bound structure make a 
disproportionately large number of contacts with rRNA. This could indicate that contacts 
with the RNA are required to stabilize the protein in a bound conformation that is 
different than its solution conformation. For a protein with many contacts, the removal of 
the RNA allows the protein to adopt a very different conformation in solution. If there are 
fewer contacts, the solution structure of the protein is more similar to its bound structure.   
 
 
Figure 4.1: RMSD of 30S-bound simulations. Average RMSD values for T. 
thermophilus (red, 1J5E) and E. coli (blue, 2AVY) are represented by the height of the 
bar, with error bars indicating ±σ. The inset shows the RMSD as a function of simulation 
time for the three representative dynamics modes from T. thermophilus protein 
simulations: stable S16 in green, stable/flexible S9 in red, and flexible S14 in blue. 
 
 
The RMSD values also show that some of the 30S r-proteins maintain structures 
that are roughly similar to their structures within the assembled subunit while others 
adopt notably different conformations during the simulation.  We, therefore, sought to 
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categorize the proteins based on their structures in solution and their intrinsic flexibility. 
First, we differentiated proteins that have simulation structures similar to their bound 
structure (RMSD < 7Å) from those that adopt new conformations during the simulations 
(RMSD > 7Å). The inset in Figure 4.1 displays the RMSD plotted as a function of time 
for a few example proteins. In this representation, a plateau shows the protein adopts a 
solution-stable conformation whereas a widely fluctuating plot indicates a flexible protein 
in solution. Visual inspection of the simulation trajectories with an average RMSD 
greater than 7Å revealed that this group can be further divided into two more modes of 
dynamic behavior, depending on whether the protein’s flexibility is localized to only one 
or two domains or exists across the entire structure. Thus, we have observed three basic 
modes of r-protein structural dynamics: 1) an overall stable structure that is similar to the 
30S-bound state (average RMSD < 7Å; green plot in Figure 4.1 inset), 2) stability in one 
region of the protein and flexibility in a different domain (red plot), and 3) a relatively 
flexible structure in which the entire protein fluctuated (blue plot).  
However, because RMSD is averaged over the whole protein, a by-residue 
descriptor is necessary to identify the regional dynamics of the second and third modes. 
Root-mean-square fluctuations (RMSF) for each residue were averaged over the full 
simulation length to monitor the mobility of particular residues and domains of the 
proteins. While RMSD describes the flexibility of the protein as a whole as a function of 
simulation time, RMSF captures the movement of each residue relative to its average 
location, as seen in Figure 4.2. Representative examples of the three observed types of 





Figure 4.2: Representative RMSF plots. RMSF values from simulations of (a) S16 are 
shown in green, (b) S9 in red, and (c) S14 in blue, all from T. thermophilus. Circles or 
triangles designate contact residues. 
 
 
Stable structure, similar to 30S-bound state: S16 contains one compact α/β 
domain with a slightly extended loop and is located in the 5’ domain of 16S, near the 
interface with the central domain. Figure 4.3 shows simulation structures for each of the 
three representative proteins. In simulation, S16 is highly stable (Figure 4.3a), the RMSD 
plot for S16 plateaus early at approximately 6Å (see Figure 4.1 inset), and all residues 
have relatively low RMSF values (see Figure 4.2), with an average RMSF over all 
residues of 1.64Å. Other proteins with this type of structural dynamics include S2, S3, 
S5, S6, S7, S8, S10, S15, S18, and S19 from both species, and S4 and S17 from E. coli 
only. These proteins are generally globular, with very short or no extended domains, and 
tend to be found externally bound to the RNA in the assembled ribosome. Their 
simulations show slight motion at termini and loops, but the structures sampled 





Figure 4.3: Representative simulation structures. Snapshots of the backbone structure 
were taken every 25ns for (a) stable S16, (b) stable/flexible S9, and (c) flexible S14, all 
from T. thermophilus. N-termini are colored red, C-termini in blue. 
 
Stable globular structure and flexible extended domain: Several r-proteins contain 
both globular and extended domains that exhibit strikingly different characteristics in 
simulation: the globular domain, with high amounts of secondary structures, exhibits 
stability, whereas extensions at one or both termini, or in internal loops, show moderate 
to extreme flexibility in simulation. A good example of this type of dynamics is S9 
(Figure 4.3b), which contains a globular C-terminal α/β region and an unstructured C-
terminus (approximately last 30 residues) buried deeply at the top of the head region on 
the solvent side of the 3’major domain. The C-terminus is highly flexible throughout the 
simulation, but the rest of the protein is very stable. The RMSD remains high and 
variable for both species throughout the simulations (see Figure 4.1 inset for T. 
thermophilus RMSD data), with relatively high averages (~10Å for E. coli, ~8Å for T. 
thermophilus). The RMSF values for S9 (see Figure 4.2) show that the N-terminal 
residues make smaller fluctuations from their average positions than the C-terminus, and 
the average RMSF over the whole protein is 6.01Å. The other proteins with similar 
behavior are S11, S12, S13, and S20 from both species, and S4 and S17 from T. 
thermophilus. The globular domain of each of these proteins is oriented externally in the 
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assembled 30S, whereas the extended, highly flexible domain is found buried within the 
subunit. 
Flexible structure: Located in the heart of the solvent side 3’ major domain, S14 
contains mostly unstructured loop regions with few α-helices. S14 from E. coli contains 
an extended helix-loop-helix domain (~40 residues) missing in T. thermophilus. In 
simulation, most of the protein is flexible (Figure 4.3c), with the termini being highly 
flexible and the helix-loop-helix stable relative only to the high flexibility observed in the 
rest of the protein. The dynamical structure manifests as oscillations in the RMSD plot 
between ~6-12Å for E. coli and ~12-18Å for most of the T. thermophilus simulation (see 
Figure 4.1 inset). The RMSF values for most residues in this protein are also relatively 
high (see Figure 4.2), indicating that all regions of the protein fluctuate from the average 
position throughout the simulation. The other members of this mode of protein dynamics 
are THX from T. thermophilus and S21 from E. coli, neither of which exhibit stable 
structures. These proteins are primarily disordered, but the few secondary structural 
elements they exhibit in the assembled 30S are likely stabilized by their tertiary 
interactions with the 16S rRNA. 
 
More than half of the 30S r-proteins exhibit relatively stable structures over the 
entire protein whereas most of the rest demonstrate both stable and flexible regions. This 
supports the idea that there are two major binding mechanisms, consistent with the 
previous hypotheses of structure capture and fly-casting. The proteins with stable 
conformations in our simulations that approximate their 30S-bound structures are likely 
candidates for structure capture type of binding, in which their RNA binding sites fold to 
bind with their relatively stable domains. Alternatively, the flexible r-proteins and those 
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that exhibit a stable domain and one or two extremely flexible domains are likely 
candidates for the fly-cast binding mechanism, at least in the highly flexible portions of 
the proteins, which are often embedded in the RNA. It is possible that elements of both 
types of binding are utilized during the binding event for a single protein, and we predict 
that some structural features might lend themselves more easily to one mechanism over 
the other, based on the dynamics of the 30S proteins from our MD simulations. The 






Table 4.1: Summary of Possible R-protein Binding Mechanisms 
Protein Structure Capture Fly-casting 
S2  Globular α/β domain — 
S3  Globular α/β domains — 
S4 Globular α-helical domain Unstructured N-terminus (~50 residues; T. thermophilus) 
S5 Globular α/β domains  — 
S6 Globular α/β domain  — 
S7 Globular α-helical domain  — 
S8 Globular α/β domains — 
S9 Globular C-terminal α/β domain Unstructured C-terminus  (~30 residues) 
S10   — 
S11 Globular C-terminal α/β domain  Unstructured C-terminus  (~20 residues) 
S12 β-barrel in central portion of protein Unstructured N- and C-termini  (First ~20 and last ~10 residues) 
S13 Globular α-helical domain Unstructured C-terminus (~60 residues) 
S14 — Throughout, particularly termini 
S15 Globular α-helical bundle  — 
S16 Globular α/β domain  — 
S17 β-barrel C-terminal α-helix (~30 residues; T. thermophilus) 
S18 Globular α-helical domain  — 
S19 Globular α/β domain  — 
S20 C-terminal α-helical bundle N-terminal α-helix (~20 residues) 
S21 — Throughout, particularly termini 






4.2.3. Protein Residues in Contact with 16S rRNA are Mobile  
We used RMSF as a means to quantify the relative motion of the residues in 
contact with the 16S RNA in the assembled subunit, compared to non-contact residues. 
For this portion of the study, a protein residue was considered a “contact residue” if it 
contains at least one atom within 3.5Å of any RNA atom in the structure of the 30S 
subunit. To analyze the contact residue RMSF, contact mobility Enrichment Factors (EF) 
were calculated as described in our previous study (See Ref. [48]) and are shown in Table 
4.2. If EF > 1, contact residues have a greater average RMSF than 10,000 random 
permutations of the same number of RMSF values from that protein; p-values indicate 
the statistical significance of each enrichment factor. These results indicate that most of 
the r-proteins from both E. coli and T. thermophilus contain contact residues that are 
generally more mobile than the rest of the protein, and for many the difference is 
significant. We find this is true due to the high number of contact residues found in the 
flexible loops and extended domains of the protein (see Figure 4.2). The only proteins 
that exhibit EF ≈ 1 have intriguing roles in the assembly pathway: S18 (EF < 1 for both 
species) first dimerizes with S6 before binding to 16S rRNA, and S2 and S21 (EF < 1 for 
E. coli) are delayed, slow binding proteins [16] whose binding is dependent on several 
proteins to have already been incorporated into the nascent 30S [22]. These results are 





Table 4.2: RMSF Enrichment Factors from 30S Simulations 
 2AVY 1J5E 
 EF p-value EF p-value 
S2 0.94 0.5687 1.11 0.2457 
S3 1.51 0.0011 1.59 1.0E-04 
S4 1.40 0.0043 1.24 0.0208 
S5 1.09 0.2134 1.17 0.0954 
S6 1.21 0.1857 1.02 0.3357 
S7 1.09 0.2573 1.30 0.1017 
S8 1.17 0.0849 1.31 0.0163 
S9 1.45 0.0029 1.33 0.0002 
S10 1.21 0.0430 1.16 0.0512 
S11 1.69 0.0007 1.27 0.078 
S12 1.12 0.0646 1.19 0.0291 
S13 1.19 0.0071 1.17 0.0111 
S14 1.12 0.0606 1.07 0.2242 
S15 1.05 0.2798 1.46 0.0116 
S16 1.04 0.3177 1.25 0.0422 
S17 1.07 0.2607 1.40 0.0091 
S18 0.88 0.6788 0.80 0.7356 
S19 1.35 0.0558 1.60 0.0092 
S20 1.03 0.2830 1.15 0.0596 
S21 0.88 0.7878 1.07 0.2215 
Note: Red text indicates EF > 1; bold text indicates statistically significant p-values (α = 0.05). 
 
4.2.4. Additional Ribosomal Protein Structures in the PDB 
To date, the PDB contains 50 unique 30S r-protein structures not complexed in 
the assembled 30S (10 NMR structures and 40 X-ray crystal structures), from ten 
different bacterial species representing a wide range of the bacterial domain. The purpose 
of this search was to find additional conformations of the 30S r-proteins, which might 
exist in energy wells inaccessible to simulations of the 30S-bound structures. However, 
alignment of each protein with its corresponding E. coli or T. thermophilus homolog 
indicated that most of these structures are actually quite similar to the conformation 
bound in the 30S subunit, characterized by an RMSD < 5Å as seen in Figure 4.4, so they 
were not investigated further. It is noteworthy that four NMR solution structures not only 
exhibit low alignment RMSD with the protein structure in the assembled 30S, but they 
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also depict strikingly similar conformations to those observed via MD. This suggests that 
our simulations are indeed capturing the solution structures of the proteins. Table 4.3 lists 




Figure 4.4: Distribution of alignment RMSD values from PDB search. The RMSD 
with E. coli structures are shown in blue, T. thermophilus in red. Note that while there are 
50 unique PDB files, many contain more than one copy of an r-protein in a unit cell or 
multiple NMR models, and some present complexes that contain more than one r-protein. 
Thus, this histogram depicts the alignment RMSD values for all copies and models of the 





















1A32 S15 9.04 8.03 1QKF S19 4.28 4.06 
1AB3 † S15 2.89 2.68 1QKH † S19 4.22 4.01 
1AN7 S8 1.30 1.00 1RIP † S17 6.13 6.23 
1C05 S4 1.81 1.64 1RIS S6 2.49 1.88 
1C06 † S4 1.79 1.73 1RSS S7 2.43 2.91 
1CQM S6 2.50 2.46 1S03 S8 1.25 1.53 
1CQN S6 2.56 2.65 1SEI S8 2.47 2.42 
1DK1 S15 0.98 2.57 1VI5 S2 2.58 2.24 
1DV4 S5 4.56 4.38 1VI6 S2 2.52 2.25 S7 2.20 2.01 1VMB S6 3.63 3.91 
1EMI S8 1.58 1.23 2BVZ S6 2.49 1.94 
1EMW † S16 2.22 2.10 2BXJ S6 2.53 2.69 
1F7Y S15 0.98 2.57 2FKX †* S15 4.47 4.34 
1G1X 
S15 1.46 1.01 2J5A S6 2.04 4.44 
S18 1.20 0.33 2KJV † S6 5.55 5.29 
S6 3.24 0.48 2KJW †# S6 6.60 4.13 
1HUS S7 1.53 1.33 3A1P S19 1.26 1.11 
1I6U S8 1.75 1.87 3BN0 S16 2.07 2.11 
1IQV S7 4.37 3.56 3D3B S10 1.51 1.23 
1KUQ S15 1.04 1.80 3D3C S10 1.58 1.33 
1LOU S6 2.45 1.91 3GTY S7 1.84 1.48 




of only  
Cα atoms) 
S15 1.75 1.39 3R2C S10 1.64 1.35 
S17 6.42 6.79 3R2D S10 1.63 1.39 
S4 1.40 1.25 3R3T # S6 15.09 15.20 
S5 4.56 4.38 3RF2 S8 1.13 1.84 
S6 2.49 1.88 3ZZP S6 4.42 3.25 
S7 1.93 1.60 4A5U S15 1.11 2.24 
S8 1.31 1.01 4IYL # S15 20.68 20.65 
1QJH S6 2.45 1.87  
Note: Red text indicates the structures whose simulations are discussed in the text; † denotes NMR 
structures (whose alignment RMSD values were averaged over all models); # designates high alignment 
RMSD structures that come from entirely different proteins, not just different conformations; § represents 
an X-ray crystal structure with resolution of 5.5Å but that only includes Cα positions, so is therefore not 
included in the discussion; and * indicates that although the average over all NMR models of this structure 





There are 7 structures (representing only 3 r-proteins: S6, S15, and S17) whose 
alignment RMSD exceeds 5Å. However, two of those structures represent different 
proteins from different species, not just a varied conformation of the same protein, and 
another is a circular permutant of T. thermophilus S6. These structures were thus not 
chosen for structural studies because our focus is on the dynamics of the naturally 
occurring proteins. The other four proteins were simulated for 100ns and, to visualize all 
possible structures, each model from the NMR solution structures was simulated 
independently. 
S6, 2KJV [155]: This NMR solution structure contains 20 models of wild type T. 
thermophilus S6. The two major flexible regions, as evidenced by variation in NMR 
structures depicted in Figure 4.5a, are the C-terminal tail (residues 82-101) and an 
extended loop between the beta sheets (residues 48-56). These two regions are also the 
primary sources of motion in the trajectories of all models, as seen in the representative 
structures in Figure 4.5b. The RMSD throughout each simulation generally oscillates 
between ±2Å but varies between simulations depending on the level of disorder seen in 
the starting structure. Generally, relatively high RMSDs correspond to flexibility in both 
dynamic areas, whereas relatively moderate RMSD models have flexibility in just one 
region. In comparison, T. thermophilus S6 shows most flexibility in the C-terminus 
whereas the E. coli S6 displays motion in both regions. Simulations originating from the 
NMR models show only slightly more flexibility than those originating from the 







Figure 4.5: Additional S6 structures. 2KJV (a) alignment with T. thermophilus (pink) 
and E. coli (blue) S6 and (b) representative simulation structures, as visualized in Figure 
4.2. 
 
S15, 1A32 [86]: In this crystal structure of S15 from Bacillus stearothermophilus, 
α-helix 1 is rotated away from the bundle of other helices, but otherwise the structure is 
fairly similar to those found in T. thermophilus and E. coli, shown in Figure 4.6a. This 
helix is the source of motion in this simulation, as it only approaches the bundled helices 
after ~40ns of simulation (but not in precisely the same orientation of 30S bound 
structure). Thus, the RMSD of 1A32 over time increases gradually to plateau at 
approximately 11Å. In contrast, both 30S-bound simulations show that the entire S15 
protein is extremely stable. This, starting from the new conformation of S15 in 1A32 







Figure 4.6: Additional S15 structures. 1A32 (a, b) and 2FKX (c, d): (a, c) are aligned 
with T. thermophilus (pink) and E. coli (blue) S15; and (b, d) show representative 
simulation structures, as visualized in Figure 4.2. 
 
 
S15, 2FKX [51]: T. thermophilus S15 is found in 18 conformations in the NMR 
solution structure 2FKX, several of which are structurally similar to both T. thermophilus 
and E. coli S15 proteins, except in the orientation of helix 1 or a slight bending in helices 
3 and 4 (Figure 4.6c). None of the 2FKX models exhibit helix 1 conformations as 
extremely extended as in 1A32, but rather in various orientations between 1A32 and the 
30S bound structures. The average alignment RMSDs are below 5Å, but individually, the 
models range from around 2Å to over 9Å. Simulation of each model demonstrates most 
flexibility is seen in helix 1 for all models, with fraying at both termini, and some motion 
in the loop between helices 2 and 3 (Figure 4.6d). The highest overall stability is found in 
models that start with helix 1 bundled with the other helices (relatively low average 
RMSD with little deviation). About half of the simulations sample conformations that are 
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also observed in the 1A32 simulation and are different from the E. coli and T. 
thermophilus dynamics, indicating that 1A32 and the 2FKX models sample similar 
conformational space that was not accessible from the 30S-bound starting structure. 
S17, 1RIP [92]: This NMR structure of Geobacillus stearothermophilus S17 
contains 6 models that are comprised of the conserved β-barrel and extended β-loop, but 
like E. coli S17, do not have the extra C-terminal alpha helix found in the T. thermophilus 
S17. The protein alignments are shown in Figure 4.7a. Across the NMR structures, the 
very flexible regions are the protein termini, the extended loop, and the loops between the 
β-sheets, whereas the β-barrel remains relatively intact. In simulation, all 1RIP models 
show moderately high flexibility (Figure 4.7b), and the extended β-loop and loops 
between strands in the β-barrel show the most deviation from the starting conformation. 
The average simulation RMSDs range between 8 and 16Å, but each model eventually 
oscillates within a 2-3Å, indicating the models sample structures that deviate from the 
starting conformation but are relatively stable in solution. The1RIP structures that have a 
high variation from the 30S-bound conformation also show more flexibility throughout 
simulation, revealing slightly more pronounced but not distinctive structural dynamics. 
 
 
Figure 4.7: Additional S17 structures. 1RIP (a) alignment with T. thermophilus (pink) 






In general, only two of the additional four simulations show conformations 
distinct from those already observed in the 30S-bound simulations, and both of those 
depict the same new conformation of protein S15. Coupled with the low alignment 
RMSD of the other 43 PDB structures, particularly the NMR solution structures, these 
results indicate that the simulations starting with the 30S-bound state are sampling the 
solution structures available as the proteins are incorporated into the subunit.  
 
4.3. Conclusion 
All-atom simulations of the 30S r-proteins support our earlier observation that 
proteins in high level of contact with the RNA, often found embedded in the 30S, are 
highly flexible, confirmed by a statistically significant correlation between RMSD and 
the number of contact points between the protein and RNA. This indicates that the 
tertiary interactions with the RNA stabilize the proteins into what is seen in the 
assembled 30S crystal structure. We also find that the residues in contact with the RNA 
in the 30S subunit tend to be more flexible than the rest of the protein, which also 
suggests that the protein structures are dynamic during the assembly process, particularly 
the portions that actually interact with the RNA.  
The simulations presented here also revealed details regarding the dynamics of r-
protein structures: some adopt structures that are entirely stable in solution, others are 
completely flexible, and still others have regions of both stability and flexibility. Because 
of the conservation of structures across a variety of 30S proteins deposited in the Protein 
Data Bank, these simulations are indeed revealing solution structures, providing insight 
into conformations available during the assembly process. Thus the structural dynamics 
we observe can be applied to the specific role each protein plays as it binds to the 16S 
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RNA. In particular, we find that two leading theories of binding, structure capture and 
fly-casting, are plausible. Protein domains that remain globally stable could lend 
themselves to being captured by folding RNA during assembly, whereas flexible regions 
might fly-cast for their RNA binding partners. Finally, while the PDB holds a wealth of r-
protein structural information, few structures present opportunities to observe new 
conformations of these proteins. 
 
4.4. Methods 
4.4.1. Molecular Dynamics Simulations  
Molecular dynamics (MD) simulations were run using the AMBER software 
package [98] and either the parmbsc0 [99] or the ff12SB [156] force fields for proteins 
and frcmod.ionsjc_tip3p [157,158] force field for ions. The starting conformations of r-
proteins for the MD were obtained from the crystal structures of the 30S subunits (E. coli 
2AVY [12] and T. thermophilus 1J5E [43]) or from the unique crystal structures 
identified in the PDB search (described below). These additional structures included one 
S6 NMR structure [155], two S15 proteins (one NMR [51], one X-ray diffraction [86]), 
and one S17 (NMR structure [92]). For the NMR solution structures, each model was 
simulated individually. The crystal structures of the proteins were sometimes missing 
residues which did not resolve due to flexibility among crystal units. The structures 
missing only N- and C-terminal residues were simulated “as-is,” but one protein (S14 
from 2AVY) was missing four residues in a loop region. For this protein, both the “as-is” 
structure and a homology model were simulated, and no differences were observed 
between the simulations. The homology model was created using the default settings in 
MOE software [159] and the complete S14 sequence from the 2AVY fasta sequence file.  
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 Counterions were added to neutralize the charge of the protein and a low salt 
concentration was created. TIP3P water [160] was used to solvate the systems, which 
were then minimized and equilibrated at 300K. NPT production runs were calculated for 
at least 100ns, which should be of sufficient length to establish the conformational 
stabilities of proteins of this size. Histidines are represented as HIE (neutral charge: 
hydrogenated Nε, aromatic Nδ).  
The Ptraj module of AMBER was used to calculate the root-mean-square 
deviation (RMSD) for each protein, which monitors the overall structural changes in 
reference to the starting structure as a function of simulation time. Root-mean-square 
fluctuations (RMSF) were calculated to quantify the mobility of each residue in reference 
to the average protein conformation. The RMSF values presented in this paper are 
calculated for the full length of each simulation in order to differentiate flexible residues 
from stationary residues while the protein samples its solution-stable conformations. In 
both RMSD and RMSF calculations, all atoms were included.  
Snapshots of each protein at various stages throughout the simulations were 
created using Visual Molecular Dynamics [104] (VMD) to visualize the flexible and 
stable regions of the protein. All MD-related images were made with VMD, which is 
developed with NIH support by the Theoretical and Computational Biophysics group at 
the Beckman Institute, University of Illinois at Urbana-Champaign.  
4.4.2. Ribosomal Protein Structure Search in Protein Data Bank 
In order to catalog the structures of r-proteins currently available r-proteins in the 
PDB and to search for additional conformational states of the proteins, the PDB was 
queried for ribosomal proteins using the search term “30S ribosomal protein Sx” where x 
stands for the numerical portion of each 30S r-protein name (i.e. x = 2 for S2, x = 3 for 
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s3, etc., up to S21). Structures at low resolution (such as electron microscopy structures, 
> 10Å) were excluded from further analysis because a structural study at the atomic level 
was not feasible. Additionally, structures that included the entire 30S subunit were 
omitted in order to focus the study on structures likely to exhibit conformations unlike 
those found in the assembled complex. Molecular Operating Environment (MOE [159]) 
was used to align each PDB files to the appropriate protein, isolated from the E. coli 
(2AVY) and T. thermophilus (1J5E) 30S subunits, to calculate alignment RMSD values 
(using Cα positions), and to save alignment images. R-protein structures whose alignment 
RMSD was less than 5Å were not chosen for further study because they did not present a 
conformation different than that found in the assembled ribosome. The proteins with 




Conclusions and Future Work 
 
 
This work presents a detailed investigation into the 30S ribosomal proteins, from 
their primary amino acid sequence distributions to their tertiary domain dynamic 
behaviors, with a focus on the potential linkage between these properties with the 
ribosome assembly process. Investigation of the dynamic properties of 30S ribosomal 
proteins aims to elucidate potential conformational changes of the r-proteins during 
assembly, whereas the analysis of the amino acid sequence distributions aims to uncover 
the important interactions responsible for ribosome assembly across different species. 
The major conclusions and future investigation in these two aspects are discussed below. 
Potential conformation changes of r-proteins during the assembly were examined 
primarily via standard molecular dynamic (MD) simulations as reported in Chapters 2 
and 4. These were further supplemented by a search of the PDB database for all deposited 
r-protein structures. We showed that MD simulations employed here are sufficient to 
explore most of accessible conformations of r-proteins because they are not considerably 
different from the vast majority of conformations reported to date in the PDB, which 
includes X-ray crystal structures as well as solution structures determined via NMR. In 
fact, only one conformation of one r-protein in the hundreds deposited across fifty PDB 
entries was found to differ from the simulation structures. This indicates that our 
dynamics study is relevant to ribosome assembly and is a step in the direction of 
visualizing the process. Further investigation into the structural dynamics of r-proteins 
from a variety of species via NMR, neutron spin echo spectrometry, and computational 
studies can verify the importance of the conformational data we have obtained via MD. 
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The simulations show that highly flexible proteins in solution have a large contact 
interface with the 16S RNA, and often contain domains that are completely embedded in 
the subunit. Coupled with the fact that residues in contact with RNA tend to be more 
mobile in solution than non-contacts, this suggests that these flexible domains are 
actively searching for their RNA binding partners during assembly. We observed three 
modes of dynamics for the 30S r-proteins: stability across the entire protein, stability in 
one domain and extreme flexibility in another, and flexibility throughout the whole 
structure. Most 30S r-proteins fit into the first two descriptions, and it is likely that the 
individual domains utilize particular binding mechanisms based on their dynamic 
abilities: flexible portions could participate in the fly-casting mechanism, where an 
extended capture radius provides more opportunity for interactions with the target 
binding partner, while the stable regions could provide a scaffold for RNA to fold around 
via the structure capture mechanism. 
These results have provided deeper insights into the dynamic features of the 30S 
r-proteins, but pairing MD data with the measured kinetics of nucleotide protection 
during in vitro assembly could provide even more detail about the dynamical behavior of 
r-protein binding. Experimental studies have shown that some proteins engage their RNA 
binding sites in stages rather than all at once [16,27,161], so further analysis of each 
protein’s dynamics with its binding rate and region could elucidate more precisely the 
mechanisms of fly-casting versus structure capture. For example, in fly-cast binding, does 
the disordered, flexible region interact with its RNA partner before or after the stable 
domain? In the structure capture mechanism, does the stable protein attach to the RNA 
binding site once it has adopted the correct fold, or does the protein interact with one 
location first and then induce the correct fold? Additionally, simulations of r-proteins 
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from the 50S subunit could confirm that the dynamics elucidated by these studies are 
truly fundamental to the incorporation of r-proteins in the assembly of the ribosome. 
Finally, analysis of the proteins in solution alone neglects the effect of transient 
interactions with the RNA that would occur as 30S assembles. This is a major challenge 
in elucidating the assembly dynamics, as simulation of RNA via MD is less certain than 
proteins [162]. This aspect of assembly has recently been addressed by simulating 30S 
models that include several proteins and a portion of the 16S molecule via hybrid MD-Go 
simulations [49,50,163]. Such innovative computational techniques provide a deeper 
understanding of the coordinated dynamics of r-proteins and rRNA during the assembly 
process. 
The second part of the work presented here is the investigation of the amino acid 
sequence distributions of r-proteins across 560 different bacterial species. Analysis of the 
overall amino acid content and the predicted identities of RNA contact residues in 560 
species, reported in Chapter 3, shows that r-proteins have statistically higher than average 
proportions of positively charged residues and those residues are highly represented at the 
rRNA contact interface. This indicates that their electrostatics profile is a distinctive 
feature of r-proteins and is not only important for long range attraction between r-proteins 
and the negatively charged 16S rRNA molecule, but it also plays a critical role in the 
actual contacts made between proteins and RNA in the assembled 30S subunit. We 
further demonstrated that thermophilic r-proteins often have higher net positive charges 
and more positively charged contact residues than those from mesophiles, but this 
difference is not statistically significant. There is a statistical difference, however, in the 
amino acid content of thermophilic r-proteins, in a way consistent with previous 
thermostability studies: the amino acids arginine, isoleucine, and tyrosine are found in 
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higher proportions whereas serine and threonine are less abundant. Interestingly, contact 
residue identities are similar in both populations of species, despite the difference in the 
makeup of the proteins themselves. Therefore, the electrostatic component of assembly is 
not responsible for distinguishing the unique ability of thermophilic ribosomes to 
assemble and function at elevated temperatures. The conservation of these traits 
emphasizes their integral role to some aspect of the general function of ribosomes. 
However, this portion of the study failed to answer three important questions 
regarding ribosome assembly. First, what controls the binding order of r-proteins? Thus 
far, experimental studies on the binding order of r-proteins have been performed on E. 
coli and then applied to other studied species. However, determining the general binding 
order from an array of different species could indicate if all species follow the same 
hierarchy as E. coli or if new trends emerge upon further investigation. If the binding 
order is different for other species, particularly those that grow in vastly different 
environments, the overall amino acid composition and contact residues analysis 
performed in the work presented here should be restructured in an attempt to capture 
meaningful insight into the assembly of the ribosome under dissimilar conditions. 
Second, what controls r-protein binding to specific binding sites? We have shown that 
while electrostatics are important, they do not appear to guide the specific interactions 
between the protein and its binding site because all 30S r-proteins in the study showed a 
similar electrostatics profile. A deeper look into the protein-RNA contact interface might 
further explain the role of electrostatics and other types of interactions in the specific 
binding of each r-protein to its unique location on the 16S RNA molecule. Also, analysis 
of the fully assembled ribosome from many different bacterial species would shed more 
light on the identity and nature of contact residues and the structural similarities and 
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differences between ribosomes from species that thrive in vastly diverse environments.  
Finally, why are ribosomes from thermophiles able to assemble and function at high 
temperatures whereas those from mesophiles are not? Detailed comparisons between the 
known structures of thermophilic and mesophilic ribosomes are necessary to identify the 
differences that, slight as they may be, cause such fundamental differences. Additionally, 
applying comparative analysis techniques to the sequences of 50S r-proteins, as well as to 
archaebacterial and eukaryotic r-proteins, can reveal whether these trends observed in 
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